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Abstract
The International Comparison Program (ICP) of the World Bank carries out price surveys
to provide measures of purchasing power parities (PPPs). These surveys have been carried
out intermittently since 1970, with the number of countries participating in the ICP exercises
increasing from about ten when ICP started in 1970 to 199 in the latest round of 2011. Due
to the needs of international comparison, researchers and policy makers, extrapolation of these
PPPs is needed to produce figures for the missing countries and years. This thesis contributes
to the literature of PPP extrapolation in three di erent aspects. The first contribution is on
how to capture measurement errors when extrapolating ICP PPPs across time and space; the
second is on the specification of structural models to explain the price level of the components
of GDP (private consumption (C), government expenditures (G) and gross capital formation
(I)). The third is on the aggregation of the PPPs of GDP components to form PPPs at GDP
and Domestic Absorption level.
In the extrapolation of PPPs, di erent sources of information are used to form the bases
for the estimation process. Among these are the PPP observations from the ICP and the GDP
deflators from the National Accounts (NAs). The information provided by these sources is
subject to measurement errors (MEs). The existing econometric based method to construct a
full panel of PPPs across time and space, Rao et al (2010a,b)- RRD, assumes the MEs are fully-
heteroskedastic with the variances inversely related to the level of development of each country,
and thus the assumption is that richer and more developed countries devote more resources to
data collection and therefore provide measurements that are more precise. In the first paper,
alternative assumptions for the ME variances are proposed and empirical analyses are carried
out. The empirical findings suggest that by incorporating the information of ICP regions and
the World Bank’s country groupings by level of income to model the MEs variances as group-
heteroskedastic, standard errors of the PPP estimated are significantly reduced, especially for
developing countries. We label this the modified RRD method.
The second paper deals with the modelling of the price levels for the components of GDP,
Consumption, Government Expenditure and Investment; and uses the modified RRD econo-
metric method to produce panels of PPPs for the components. In the existing literature, PPPs
for these components are not produced using economic theory of the price level for each com-
ponent, and point estimates are produced without any indication of the uncertainty level. By
using elements from the macroeconomic literature to define structural determinants for each
component, we propose economic models for each of the GDP components and integrate them
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into the modified RRD econometric framework to produce PPP figures for each component
together with their corresponding standard errors.
In the last paper the estimated series resulting from the second paper are aggregated to
form alternative series of PPPs at Domestic Absorption and GDP level at current prices. With
positive prices and non-negative quantities as input data, the standard aggregation methods
(GEKS, GK and IDB) produce strictly theoretically correct average price indices and quantity
indices. However, the application of the standard formulas when headings with negative value
have a significant share of the aggregate can lead to meaningless results. This is especially the
case in the aggregation of PPPs from component level to GDP level, where we encounter a
problem of negative nominal quantities of net exports when exports are smaller than imports
for some countries. We apply alternative methods in the literature by either carrying out
the aggregation at Domestic Absorption level, which do not involve net exports; or using the
augmented GK method, which is currently being used by the Penn World Table. An extension
of the existing methods is that a weighted average of the standard errors of the estimated
component PPPs are computed to provide an indication of uncertainty for the aggregated
PPPs of countries. The di erence between PPPs at GDP level and Aggregated PPPs at GDP
level obtained from alternative methods are computed and evaluated.
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Chapter 1
Introduction
As a tourist, if you plan to travel from Australia to Vietnam, for example, what you need to
know is not only the exchange rate between the Australian dollars and the Vietnamese Dongs,
but also to know how much you can buy with your travel budget in Vietnam. Usually you will
find that even after money are converted using the nominal exchange rates, you can buy more
goods and services in Vietnam than in Australia. The reason is that the price level in Vietnam is
relatively lower than in Australia, which causes the Vietnam Dongs and the Australian Dollars
to have di erent purchasing powers.
Just like tourists, researchers, organizations and governments also want to compare relative
price levels and purchasing power of currencies among countries. This demand comes from the
need to answer various important questions arising in the studies on catch-up and convergence
across countries; the studies of global and regional inequality; or the estimation of the number
of poor people in the world, to name a few. The demand is especially strong given the ten-
dency towards a world economy of increasing international integration, where the performance
of countries in terms of their growth, productivity levels and trends over both space and time
dimensions are to be compared and assessed. This explains why Purchasing Power Parities
(PPPs) have become increasingly popular. By using PPPs, nominal national economic aggre-
gates can be converted into real aggregates in a common currency and price level di erences
eliminated, thus enabling international comparison (Rao, 2009).
The International Comparison Program (ICP) is the main source of PPPs where countries
from all continents are represented. Since its inception in 1968 as a joint research project
of the United Nations Statistical O ce and the University of Pennsylvania led by Professors
Kravis, Heston and Summers, the ICP has been the main source of PPPs and estimates of real
expenditures. The ICP is now a major global statistical program conducted under the charter
of the UN Statistical Commission and located at the World Bank. Due to the great costs
associated with obtaining price data for numerous items in a large number of participating
countries, the ICP has carried out price surveys intermittently for participating countries.
Aggregation methods are then used on the collected data to compute PPPs. The years in
which PPPs are produced are called benchmark years and, likewise, the countries participating
are called benchmark countries. The ICP benchmark years so far have been 1970, 1973, 1975,
1
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1980, 1985, 1993, 2005 and 2011, with the number of countries participating increasing from 16
in 1970 (as results for 6 countries for 1967 were also in the 1970 book) to 199 countries in the
2011 round of the ICP. ICP produces benchmark PPP data at di erent levels of aggregation
from basic heading (the lowest level of price aggregation) to above basic heading levels including
GDP component and GDP levels (World Bank, 2015a).
The Eurostat-OECD Program is another common source of benchmark PPPs, which started
in the 1980s and produces PPPs for the Member States of the European Union (EU) and the
Member countries of the Organization for Economic Co-operation and Development (OECD).
Although this remains the program’s purpose, the coverage has been broadened to include
associate non-member countries (countries that have an association other than membership
with the EU or the OECD) like The Commonwealth of Independent States (CIS). For the
purpose of comparing the price and volume levels of GDP among those countries, since the early
1980s, PPP figures from the Eurostat have been produced every year and cover 37 countries;
joint Eurostat-OECD comparisons are made every three years and cover 47 countries. The
data collected by Eurostat-OECD in an ICP year become part of the ICP benchmark data
(Eurostat-OECD, 2012). The World Bank uses an approach that preserve fixity of regional
comparison.
From the ICP and Eurostat-OECD, only an incomplete panel of PPPs over time and across
countries with sporadic coverage is available, which does not usually satisfy the need of compar-
ison and analysis. Empirical research often requires PPP data for a long period of consecutive
years and for many countries. Therefore, in order to have available PPP data that are more
useful for practical purposes, extrapolation methods have been developed to fill in the miss-
ing PPP data for non-benchmark years and non-participating countries in order to produce
complete PPP panels. My PhD research is to contribute to the existing literature in PPP
extrapolation with three objectives.
In the extrapolation of PPPs over time, there are two sources of information needed. The
first source is the PPP benchmark data from the ICP and the second source are deflators
from national accounts of countries. In using these common data to extrapolate benchmark
PPPs from ICP to non-benchmark years using the national account deflators, there are two
di erent approaches: i) the deterministic approach and ii) the econometric approach. The
deterministic approach, which is currently implemented by the Penn World Table (Feenstra
et al., 2015a) takes the ICP and national account data as exact numbers while the econometric
approach (known as the RRD approach by Rao et al. (2010a,b)) incorporates measurement
errors (MEs) with the ICP and national account data into their computation. The uncertainty
associated with the estimated PPP is reflected in the standard errors of the PPPs estimated.
These MEs are well acknowledged in the PPP literature, the recent paper describing the PWT8
methodology indicates that their approach is a special case of the RRD (Feenstra et al., 2015a).
The question is how to account for MEs in PPP extrapolations. The first objective of this thesis
is to propose alternative forms of ME covariances for the observations arising from both the
ICP and national accounts and evaluate the robustness of the resulting PPP point estimates
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and standard errors to the alternative assumptions.
To compare economic activities across borders, the most common economic aggregates used
are the Gross Domestic Product (GDP) and its components of Private Consumption (C),
Government Expenditure (G) and Gross Fixed Capital Formation (I)). While all the existing
sources of complete panels of PPPs o er PPPs figures at the GDP level, only PWT supplies
PPPs for GDP components of C, I and G. However, compared to the literature on GDP, not
much work has been done in modeling the price level - the ratio of PPP over market exchange
rate (XR), for C, G, and I. Up to now, the PWT’s approach to the constructing panels of PPPs
for GDP components is through extrapolation using the shares of C, G and I in GDP. Though
the method provides PPP data of GDP components, which is of high demand in economic
research, there are two drawbacks in their methodology that can be improved upon. Firstly,
these existing methods are applied to all the components in exactly the same way, which do
not account for the specific characteristics of each component and lack theoretical reasoning.
Secondly, calculated results for PPPs from existing methods do not provide standard errors
associated with the estimates, which provides no information of the uncertainties associated
with the point estimates and limits the use of many econometric tools to produce further results.
As a consequence, the second objective of the thesis is to develop separate economic models for
each of the components and identify the price level determinants for each of the components,
then use the RRD econometric method by Rao et al. (2010a,b) to produce PPP estimates for
PPPs of C, G and I with standard errors.
Finally, the estimated series resulting from the second paper are aggregated to form alter-
native series of PPPs at Domestic Absorption and GDP level at current prices. With positive
prices and non-negative quantities as input data, the standard aggregation methods (GEKS,
GK and IDB) produce strictly theoretically correct average price indices and quantity indices.
However, the application of the standard formulas when headings with negative value have a
significant share of the aggregate can lead to meaningless results. This is especially the case in
the aggregation of PPPs from component level to GDP level, where we encounter a problem
of negative nominal quantities of net exports when exports are smaller than imports for some
countries. We apply alternative methods in the literature by either carrying out the aggregation
at domestic absorption (DA) level, which do not involve net exports; or using the augmented
GK method, which is currently being used by the Penn World Table. An extension of the
existing methods is that a weighted average of the standard errors of the estimated component
PPPs will be computed to provide an indication of uncertainty for the aggregated PPPs of
countries. The di erence between PPPs at GDP level and Aggregated PPPs at GDP and DA
levels obtained from alternative methods will be computed and evaluated.
The contributions of our research would be both in the modification and extension of existing
method in the literature of PPP extrapolation, as well as o ering useful data input for other
economic investigations. With these objectives in mind, the thesis will be organized in six
chapters. After this introductory chapter is a literature review chapter on PPP, its computation
process and extrapolation methods. The literature review chapter provides a background to
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all the research reported in Chapters 3 to 5. Chapter 3 details work on the incorporation of
measurement errors of ICP and national accounts in PPP extrapolation through the variance-
covariance structure. Chapter 4 explains the construction of economic models for the price level
of C, I and G components of GDP and provides a summary of estimation results. The fifth
chapter presents PPP aggregation to GDP and DA level, standard errors for aggregated PPPs
and evaluation of the empirical results. Though on di erent specific topics, Chapter 3, 4 and 5
are closely linked to one another and to Chapter 2, cross-references are used to avoid repetition
of the materials presented. Chapter 6 o ers a brief summary of the results and discusses future
directions for research in this area.
Chapter 2
PPP Computation and Extrapolation
2.1 Introduction
There thesis aims at three contributions to the literature on PPP extrapolation: (i) to propose
alternative forms of measurement error (ME) covariances for the observations arising from both
the ICP and national accounts and evaluate the robustness of the resulting PPP estimates and
standard errors to the alternative assumptions, (ii) construct economic models for the explana-
tion of price levels and estimation of purchasing power parity (PPPs) for GDP components and
(iii) apply and extend existing aggregation methods to produce PPPs at GDP and DA level
from its component PPPs together with standard errors. In order to achieve these goals, this
chapter begins with some insights into the concept of PPP and its increasing importance in
international comparisons. Followed is a literature review of the methods for PPP computation
(computation of PPPs from surveyed price data) and extrapolation (estimation of PPPs for
countries and time that are not covered by price surveys) in the literature. Altogether, the
chapter is designed to provide a background for all the research work in this thesis.
2.2 Purchasing Power Parity of Currencies
What is PPP?
About 90 years ago, Karl Gustav Cassel, a Swedish economist was the first person to use the
term “purchasing power parity” (PPP). His message was to set the exchange rate after WWI at
the PPP between Sweden and her major trading partners. In those early years, though Cassel
recognized that exchange rates could deviate from PPPs (Cassel, 1918), he still considered PPP
as the "normal" or long run exchange rate (Gustav, 1922). However, the Casselian purchasing
power doctrine has been thoroughly disproved in modern studies, which accept that exchange
rates systematically deviated from PPP to a large degree and PPP is inversely related to the
level of development of each country (Summers and Heston, 1991). Hence, the term purchasing
power parity is used by more recent researchers to refer to the real exchange rate, or in other
words, the units of a currency needed to purchase a similar basket of goods and services in a
5
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di erent currency (Sarno and Taylor, 2002). To put it formally in a working definition, PPP
represents the number of currency units of a country required to purchase the amounts of goods
and services in the domestic market as one unit of the currency of the reference country would
buy in the reference country (World Bank, 2011).
An example of PPP
The simplest example of a PPP is the Big Mac index, which has been published by The
Economist magazine since 1986. This index measures PPPs based on just a single item, the Big
Mac from the McDonald’s - one of the world’s largest chain of hamburger fast food restaurants,
located in more than 100 countries with more than 36,000 outlets. Using the Big Mac prices
in di erent countries at a given point in time, the Big Mac index can be easily computed. The
following table illustrates the PPP calculation with three selected countries: the U.S. as the
reference country, Denmark as a representative of developed countries and China - a developing
country.
Table 2.1: The Big Mac Index example
Country Big Mac prices
in local currency
Implied PPP
(the U.S. as the
reference
country)
Actual dollar
exchange rate
The U.S. 4.79 USD 1.00 1.00
Denmark 34.5 DKK 7.20 6.42
China 17.2 RMB 3.59 6.21
Source: The Economist, Jan 2015
Based on local prices, it costs 4.79 U.S. Dollar in the U.S., 7.2 Danish Krones in Denmark
and 3.59 Yuans in China to buy the same Big Mac from Macdonald’s. By definition, the PPP
numbers are computed by dividing the price of a Big Mac in local currencies by that in the
reference country currency, which is the U.S. in this case. The implied PPPs will be 7.2 (34.54.79)
for Denmark and 3.59 (17.24.79) for China. It can be seen that based on the Big Mac index, the
actual dollar exchange rates and the PPPs are not the same; the Danish Krone is overvalued
while the Chinese Yuan is undervalued if converted using market exchange rates compared to
PPPs (The Economist, 2015).
Why PPPs and not exchange rates?
So, what is the main di erence between PPPs and the traditionally well-known market exchange
rates? Actually since the data for market exchange rates are so easy to obtain, they were, for a
long time, used in international economic comparison and analysis. Market exchange rates are
the logical choice when financial flows are involved, such as: in determining whether a country’s
exports can meet the costs of imports; in calculating the value of the current account balance
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in the balance of payments; or in comparing share prices in di erent currencies (World Bank,
2015a).
However, when it comes to real income comparison, there are two main reasons why PPPs
are superior converters. Firstly market exchange rates are much more inconsistent and volatile
than PPPs. They are dependent on the political and financial factors like the di erent exchange
rate regimes. Some countries can have fixed exchange rates, some can peg their currencies to
a foreign currency and some can even have floating exchange rates. These create inconsistency
in the meaning and reflections of exchange rates among di erent countries. Moreover, under
floating regime, exchange rates are determined by the demand and supply of the currencies,
and therefore vary monthly, even daily. XR changes fluctuate more than PPP changes. Real
income, especially growth, on the other hand, is quite stable. Using exchange rates as con-
verter in this case is not ideal (MacDonald, 2007). Secondly, and more importantly, exchange
rate conversion does not necessarily account for the price level di erences. Although market
exchange rates can reflect PPPs for traded goods, non-traded goods and services tend to be
cheaper in developing than in developed countries and analyses that ignore the di erences in
the price levels between these groups of countries will underestimate the purchasing power and
real income of consumers in low-income markets (Callen, 2007). There can be wide di erences
between purchasing power adjusted incomes and those converted via market exchange rates,
especially in developing countries. According to the International Monetary Fund (IMF), when
converted via the nominal exchange rates, 2011 GDP for emerging and developing economies
is 25,099 billions U.S. Dollars while on a PPP basis it is about 38,629 billions U.S. Dollars
(International Monetary Fund, 2011). This can be seen more clearly in Figure 2.1, in which
the size of the world economy is $91,647 billion in PPPs and $70,295 billion in exchange rates,
with the shares of high-income economies significantly reduced when their GDPs are measured
with PPPs (World Bank, 2015a):
Figure 2.1: Share of the world economy in 2011 measured in PPPs versus ERs
(International Monetary Fund, 2011)
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PPP measurement problems
Apart from all the advantages that PPPs o er, the main problem that concerns the application
of PPP data is its measurement; which can be separated into two main di culties. The first
di culty is in finding a common basket of goods to compare purchasing power across countries;
the second concerns the methods for surveying as well as aggregation and extrapolation to
produce PPP data for a large number of countries over time.
People in di erent countries typically consume di erent baskets of goods. For example,
Americans eat more bread, Chinese more rice. Then how to select common baskets of goods
that are typical of each country (representativity) but can be used for comparing purchasing
power of di erent currencies (comparability). In fact, compromises have to be made so that
both of these competing properties can be achieved at the same time with the priority given to
comparability (Rao, 2009).
Once a reasonable basket of goods and services is chosen, additional statistical di culties
arise especially in multilateral comparisons where more than two countries are to be compared.
For cross-country comparisons, one property required in PPPs is transitivity. If we look back
at the Big Mac index in the example above (table (2.1)), the transitivity property means that
PPP for the Chinese Yuan per Danish Krone can either be directly computed as the ratio of
the local prices of a Big Mac in local currency, or indirectly obtained as the ratio of the PPPs
of the Chinese Yuan and the Danish Krone, both expressed with respect to the U.S. Dollar:
PPPRMB,DKK = 17.234.5 =
3.59
7.20 = 0.4986
However, transitivity is not a trivial property that is automatically satisfied by any PPPs
obtained using di erent index number formulae. When the baskets contain a large number of
items, index number methods are used in aggregating prices into PPPs and making sure that
they are transitive. Other desired properties of PPP are base-country invariance or country
symmetry (that is the ratio between PPPs of any two countries remains the same when the ref-
erence country changes); and additivity (PPP converted component aggregates should add up
to PPP converted aggregate that totals those components). In addition, there are other statis-
tical and econometric issues associated with choosing PPPs aggregation, linking and estimation
methods among the existing ones (World Bank, 2015a).
The use of PPPs
Despite all these measurement problems, the advantages of PPPs over the exchange rates
together with the increased availability of PPP data from di erent sources has enabled PPPs to
gradually replace market exchange rates as the conversion factors in international comparisons
of real incomes, price levels, and economic performances of countries. PPP users have increased
from research and teaching sta  to international bodies such as the the International Monetary
Fund (IMF), World Bank, the United Nations and its a liates and a variety of national users
like government agencies. PPPs are used for research and analysis, for statistical compilation,
and for administrative purposes.
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With the help of PPPs, price and volume indices needed for economic research and policy
analysis that involve inter-country comparisons of GDP and components can be generated.
The price indices are used to compare the levels, structures, and convergence of prices while
the volume indices are used to compare the size of economies, levels of material well-being and
overall productivity. Using PPPs, it is possible to rank countries according to di erent criteria
such as GDP per capita or CO2 emissions or energy consumption per unit of GDP. Another
important application of PPPs is in poverty measurement. As of October 2015, poor people are
defined as those whose income/expenditure is below 1.90 US dollars a day . Purchasing power
di erences lead to di erent national poverty assessments by di erent countries. Therefore,
an international poverty line is established using PPPs to hold the real value constant across
nations Bank (2015).1
For statistical compilation, international organizations are able to aggregate real GDP and
its components (converted using PPPs) across countries to provide totals for groups of coun-
tries, such as the European Union or the OECD. PPP data as well as extrapolated PPPs
have also been widely used in producing many important statistics. Examples include the
World Bank’s flagship publication World Development Indicators (World Bank, 2015c), which
presents cross-country real income data; the Human Development Index (HDI) by the United
Nations Development Program (United Nations Development Programme - UNDP, 2015); the
World Economic Outlook that provides estimates of regional and world output and growth by
the International Monetary Fund (IMF) (International Monetary Fund, 2015). These statistics
bring about a better view of the world economy, which are crucial for policy-making decisions.
For administrative purposes, the European Commission uses them when allocating the struc-
tural funds to member states; the IMF uses PPPs when deciding the quota subscriptions of its
members (Eurostat-OECD, 2012).
This section has explained the importance of PPPs and the reasons why considerable re-
sources have been devoted to computing them despite all the di culties in their measurement.
So, how are PPPs computed? The next sections provide an answer to this question with an
overview of the PPP computation process, from the collection of price data to the achievement
of complete PPP panels for all the years and countries.
2.3 Benchmark PPP Computations
As PPPs are important tools in economic research for policy decisions, considerable resources
have been devoted to their compilation. Figure 2.2 is a diagram summarizing the most impor-
tant elements in the existing literature of PPP computation for GDP and its components:
1The poverty line in this case refers to absolute poverty. There are also measures of relative poverty, which
are defined in relation to the overall distribution of income or consumption in a country Bank (2016).
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Figure 2.2: PPP Construction process within a region
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From the diagram (2.2) above, it can be inferred that ICP and Eurostat-OECD collect and
compile benchmark price data. The ICP and Eurostat-OECD do not provides PPP figures
for all countries in the world and for every year. The years in which PPPs are produced
are called benchmark years and the countries participating are called benchmark countries.
Together with National Accounts data, these price data are the input for the PPP aggregation
processes, which are carried out within regions (like Asia-Pacific, Africa) by the ICP and the
Eurostat-OECD. The output of this process are incomplete panels of PPPs for only benchmark
years and participating countries. Benchmark PPPs are then combined with national account
data on growth rates and deflators, as well as national price level theory to form the basis
for PPP extrapolation so that complete PPP panels for all the years and countries (including
non-participating countries) can be achieved. The regional PPPs are then linked together using
di erent linking methods to produce global PPPs. This approach is used in the construction
of the Penn World Table (PWT) and the University of Queensland International Comparison
Database (UQCD). The PPPs in complete panels are in two forms: current price PPPs (enabling
cross-country real income comparison at the same year) and constant price PPPs (enabling
cross-cross country comparison across di erent years). Details of the di erence between Current
and Constant Price PPPs will be presented in Section 5.2.1 below. PPPs for each country are
produced in reference to another country (reference country) or some average of reference
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countries as in the 2011 ICP. The reference country can be within the region or outside the
region where the country is in.
In this section, the elements of the benchmark PPP computation are presented. These
include the price surveys by the ICP and Eurostat-OECD, the national account data needed
and the aggregation methods used in the literature to produce incomplete panels of benchmark
PPP data. The literature on PPP extrapolation will be discussed in the next section.
2.3.1 Price surveys and national account data
The first task in PPP computation is to determine the basket of goods and services for which
price data are to be collected through price surveys to compute basic heading parities (Section
2.2). This basket contains thousands of items, which are grouped into di erent basic headings
(BHs), which is the lowest level that requires expenditure estimates. The basket of goods
should ensure both comparability (that the products priced in di erent countries are exactly
the same, the characteristics of the products have to be specified in considerable detail) and
representativity (that the products are both relatively popular compared with other countries
and also account for a large share of the expenditures). With ICP 2005 and 2011, GDP
expenditures are broken down into 155 BHs. There are three types of BHs. Two thirds of
the BHs belongs to the first type, which are for products that consumers purchase in various
markets. As a result, prices for items in these BHs can be obtained by means of market
price surveys. The second type of BHs are termed comparison-resistant BHs because of the
di culties encountered in collecting price data for items under these BHs (i.e. health, education,
government). Items in these BHs need to have prices measured indirectly, for example by
estimation or quantity approach (price = expenditure/quantity). The third category contains
those basic headings in which the prices either are not available or are too expensive to obtain
(e.g. some household services or narcotics, prostitution). Therefore, their PPPs are imputed
using PPPs from other basic headings without having prices collected or estimated. The ICP
refers to these as “reference PPPs”. The final product of this price compilation process is
the benchmark PPPs at GDP and GDP component levels for a given year and participating
countries. More details can be found in the Executive Summary of the 2011 ICP book (World
Bank, 2015a).
Apart from the price data from surveys, another type of data essential for the aggregation
of PPPs above BH level are data from national accounts. National accounts are published on
an annual or quarterly basis in almost all countries. They provide figures on expenditures on
goods and services, and the growth rates and price deflators of di erent aggregates. The former
are needed for the calculations of weights in benchmark PPP aggregation and the latter are
crucial in PPP extrapolation to all the years (World Bank, 2015a).
The precision of published national account data and benchmark price survey data are
critical as they are the first elements that determine the quality of the international comparisons
obtained. However sound the aggregation and extrapolation methods used in the ICP may be,
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comparisons are of low quality.
2.3.2 PPP aggregation methods
With the available benchmark data obtained from price surveys and expenditure data from
published national accounts of participating countries, ICP and Eurostat-OECD use di erent
methods of aggregation to produce PPPs for GDP and for lower level aggregates. In this
review, methods are separated into two broad level: basic heading (BH) level and above BH
level with the assumptions that there are N products i = 1,2, ...,N ; C countries c = 1,2, ...,C
and pci denotes the price of goods i in country c. BH is the lowest commodity group for which
expenditure share data are available. Prices of items belonging to a commodity group (BH) are
aggregated to form PPP at the BH level. These PPPs along with expenditure share weights
are combined leading to PPPs at the GDP level and for commodity groups.
2.3.2.1 Computation methods at basic heading level
There are two main methods used in BH PPP aggregations for the ICP, they are GEKS (named
after its originator Gini and the first people to implement it in international comparison Éltetö,
Köves, and Szulc) and the CPD (Country-Product-Dummy) methods. A number of variants of
these are implemented, all of which produce transitive and base-invariant PPPs (Section 2.2).
The variants of the GEKS method include the Jevons-GEKS methods and the Fisher-GEKS
method. The Fisher GEKS method is also used by the Eurostat-OECD (World Bank, 2005b).
The Jevons-GEKS method
The Jevons-GEKS method is the combination of the use of Jevons index (an unweighted geo-
metric mean of price ratios) and the GEKS method. When the price tableau is complete (no
missing price of any item in any country) and no weight is used, The Jevons index by itself
produces transitive and base-invariant PPPs. However, when the price tableau is not complete
(not all products’ prices are available from all countries), GEKS methods need to be incor-
porated to make the multilateral PPPs transitive. Formally, let Njk represent the number of
products that are representative (having a significant market share and lower price levels than
unrepresentative products) and whose price data are reported in both countries j and k. The
Jevons PPP of country k with respect to country j for a particular BH is:
PPP Jevonsjk =
Ÿ
iœNjk
A
pki
pji
B1/Njk
(2.1)
Given that di erent pairs of countries have prices for di erent subsets of items, the index in
equation 2.1 is not transitive. The GEKS method makes PPP Jevonsjk transitive by computing
the geometric mean over all countries l of the PPP between j and k computed through a third
country l:
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PPP Jevons≠GEKSjk =
CŸ
l=1
1
PPP Jevonsjl ◊PPP Jevonslk
21/C
(2.2)
Variations of the Jevon-GEKS method includes Jevon-GEKS* which accounts for represen-
tative items of each country or the Jevons - GEKS*(S) which incorporates some changes in the
weighting of the index (Sergeev, 2003).
The Fisher-GEKS method accounting for representative items.
Under the Fisher-GEKS methods, for each BH and each pair of countries, two binary PPPs are
calculated. The first is the geometric mean of the price relatives for products representative of
the first or base country, which are also priced in the comparison country – the Laspeyres-type
PPP. The second is the geometric mean of the price relatives for products representative of the
second or partner country – the Paasche-type PPP. The geometric mean of these two PPPs is
then taken to derive a single binary PPP between the two countries – this is a Fisher-type PPP.
Let Nj represents the number of products that are reported in both country j and k but are
representative in country j; Nk represents the number of products that are reported in both
country j and k but are representative in country k.
The Laspeyres PPP for a BH of country k with respect to country j is:
PPPLaspeyresjk =
Ÿ
iœNj
A
pki
pji
B1/Nj
(2.3)
For the same BH, the Paasche PPP of country k with respect to country j is:
PPPPaaschejk =
Ÿ
iœNk
A
pki
pji
B1/Nk
(2.4)
The Fisher-type PPP is the geometric mean of the Laspeyres-type PPP and the Paasche-
type:
PPPFisherjk =
Ú
PPPLaspeyresjk ◊PPPPaaschejk (2.5)
To produce transitive PPPs, the GEKS method is applied to the PPPFisherjk equation bellow:
PPPFisher≠GEKSjk =
Y][
CŸ
l=1
PPPFisherjl ◊PPPFisherlk
Z^
\
1
C
(2.6)
For details of this method, please refer to Subsection 12.2.3 of the “Eurostat-OECDMethod-
ological Manual on Purchasing Power Parities” (Eurostat-OECD, 2012).
The CPD method
The CPD method was developed by Robert Summers in 1973 (Summers, 1973). Unlike Jevon-
GEKS and Fisher-GEKS, which are index-number-based, CPD is regression-based and produces
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multilateral comparisons directly. For a complete price tableau without weights, the approach
estimates the following econometric model by least square method:
ln(pji ) =
Cÿ
j=1
–jDj+
Nÿ
i=1
÷iD
ú
i +vij (2.7)
In equation (2.7), Dj and Dúi are, respectively, country and commodity dummy variables;
–1 = 1 if country 1 is the reference country; –j = ln(PPPj) is the natural log of PPP of country
j relative to country 1. Variations of CPD includes CPRD Country-Product-Representative-
Dummy (CPRD) method with an additional dummy variable capturing representativity or
weighted CPD (CPDW) method where weight can be incorporated such that solving for –i
becomes solving a weighted least square minimization problem (Rao, 2004).
When the price tableau is incomplete, one can estimate the CPD model and use it to
fill in the missing price data to complete the tableau of prices. The main advantage of the
CPD method over Jevon-GEKS and Fisher-GEKS is that it is possible to use sophisticated
econometric tools to derive standard errors associated with the estimates achieved.
2.3.2.2 Methods for Aggregation above the basic heading level
As the number of countries participating in the ICP phases increased over the years, from ten
countries in 1970 to 199 countries in 2011, ICP PPP computation has been regionalized. Each
region follows the same ICP guidelines and computes their own PPP figures. Linking methods
are then used to link those regional PPPs and produce global PPPs. Regionalized approach to
ICP began in 1993. Since then, the Eurostat-OECD has become one of the regions of the ICP.
For each region, once the B basic heading (BH) PPPs for each of the K countries in the
region were constructed, aggregation of BH PPPs and relative volumes between countries can
be carried out using the multilateral aggregation methods suggested over the years. These
aggregations above BH level assume that, in addition to BH price parities (PPPs) for each
country, national statisticians have provided expenditure data (in their home currencies) for
each of the BHs. In other words, the input for the above BH aggregations are two B◊K
matrices, one for BH PPPs and one for BH expenditures in countries. The three main methods
for aggregation are the GEKS (Gini, Éltetö, Köves, and Szulc), the GK (Geary Khamis) and
the IDB (Iklé-Dikhanov-Balk). The GEKS method was originally proposed by Gini (1924,
1931), and was independently rediscovered by Éltetö and Köves (1964) and Szulc (1964). The
GEKS method is based on Fisher’s bilateral indexes and used by the ICP since 2005 and the
Eurostat-OECD. The GK method, which is an additive method, is used by the PWT . The GK
method was used as the main aggregation method in ICP until 2005. The relatively new IDB
additive method was used by the Africa region for constructing PPPs and relative volumes
within the region in ICP 2005 (Diewert, 2013). However, in the 2011 ICP round, the IDB
method was no longer used. Details of these methods will be provided in Chapter 5 (subsection
5.2.2) when we will be dealing with Aggregation of PPPs at GDP level.
This section summarizes the benchmark PPP computation steps of the ICP and the Eurostat-
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OECD. The final output from the ICP includes PPP at the GDP level and at GDP component
levels, for the participating countries. This means that over the period 1970 to 2011, PPPs
are available sporadically for participating countries, which increased from 10 in 1970 to 199 in
2011. Therefore, PPPs from ICP represent an incomplete panel of PPPs. In order to produce
complete PPP panels for consecutive years for a certain number of countries, extrapolation is
needed over both time (to cover produce PPP for non-benchmark years) and space (to cover
non-participating countries). The next section is devoted to present the current methods in
PPP extrapolation.
2.4 PPP Extraplolation
Due to the great costs associated with price surveys for a large number of items and coun-
tries, benchmark PPPs are not produced every year. However, actual empirical research and
economic analysis require PPP data continually and for numerous countries. Therefore, PPP
extrapolation is needed to fill the incomplete PPP panels that are produced by ICP and OECD-
Eurostat in order to produce complete PPP panels.
Estimation to produce complete panels of PPPs for all the countries and years are essentially
most important for international comparisons. Estimated PPPs can also be used in applying
economic model analysis and policy decision-making. However, more care should be taken when
PPPs are used for these purposes. The reason are possibilities of circularity problem with the
econometric model applied for the estimation of the PPPs. Also, the estimated PPPs are more
useful for policy decisions at international level than those at country level. For the economic
and social policies at country level, sub-national PPPs are the ones to be used.
Complete PPP panels come in two types. One contains PPPs in current prices, which means
all the PPPs are expressed relative to the current year prices of the reference country. The other
contains PPPs in constant prices, where PPPs are measured relative to the prices in a base
year of the reference country. The current price PPPs, like those in the ICP benchmark PPP
panels can be used only for the purpose of comparing GDP across countries in the same year.
In order to make comparisons possible across countries and over time, we need constant-price
PPPs.
In the calculation of panels of PPPs, a distinction is made between participating and non-
participating countries in the benchmark year. Usually, PPP extrapolation involves two stages.
In the first stage, PPPs in a given benchmark year are extrapolated to non-participating coun-
tries (extrapolation over space). In the second stage, PPPs for both participating and non-
participating countries are extrapolated to non-benchmark years (extrapolation over time).
For PPP extrapolation over space, regressions based on the ICP benchmark data and the
national price level theory are used. Then, the PPP benchmark data as well as PPPs for
non-participating countries are extrapolated over time by means of the deflators obtained from
national accounts published by the national statistical o ces. The choice of deflators depends
on the aggregate under consideration. For example, to extrapolate GDP PPPs, the GDP de-
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flators are used; while the consumption deflators from national accounts would be the one to
use in Consumption PPP extrapolation.
There are three sources of complete PPP or real income panels in current prices: the World
Bank (Ahmad, 1996), the Penn World Table (PWT) (Penn World Table (2012); Feenstra et al.
(2015a)) and the University of Queensland International Comparison Database (UQICD) (Rao
et al. (2015); Rao et al. (2010a,b)). All these sources produce complete panels of real income
converted using PPPs in both current and constant prices. From these real income panels (either
converted using current or constant price PPPs), complete PPP panels in current and constant
prices can be calculated. Despite of the generally common stages mentioned, each approach
has its own methodology and produces di erent PPP results with di erent properties. Before
reviewing the PPP extrapolation methods from each source in both current and constant prices,
a subsection on national price level theory will be discussed since this is the foundation for the
development of economic models for each of the GDP components.
National price level theory
The national price level theory is the theoretical foundation for modeling price levels in PPP
extrapolation from benchmark observations to non-participating countries. In this literature,
research has been devoted mostly to the theory of price level at GDP level and not much
have been done at price levels for aggregates below GDP level like Consumption, Government
Expenditure or Investment. However, structural determinants of the national price level are
still presented below as the starting points to the construction of economic models to explain
price level di erences for GDP components.
Though there are theoretical discussions supporting the hypothesis that national price levels
tend towards equality and that divergences from equality are just temporary; strong evidence
has shown that there are large and long-standing di erences in price levels between countries.
It is found, in various empirical analyses such as ones by Kravis and Lipsey (1983), Clague
(1988), Summers and Heston (1991), Bergstrand (1996) and Ahmad (1996), that the di erences
in price levels between nations can be explained by structural factors such as real GDP per
capita, the degree of openness of the economy, national resource abundance, trade balance,
international tourism and country size. In fact, the significance of those structural determinants
are not only empirically evidenced, but also supported by theoretical reasoning.
It is generally accepted that the most important long-run structural determinant of the
price level of a country is income per capita. The main explanation of this comes from the
productivity di erential model, as stated by Balassa and Samuelson in 1964 (Balassa, 1964),
Samuelson (1964). Based on this model, goods and services in a country are either tradables or
nontradables. It is typically assumed that the law of one price holds for tradables so prices for
traded goods are similar between countries. However, due to di erent productivity levels in the
tradable sector of countries, wages in this sector will di er. Rich country with high productivity
level will o er higher wages to the tradable sector labour than poor countries whose productivity
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in this sector is low. The wage level established in the traded goods industries will determine
wages in the industries producing non-traded goods. Even though international productivity
di erences are smaller for non-traded sector, the low wages established in poor countries in the
low-productivity traded goods industries will apply also to the not-so-low productivity non-
traded goods industries. The consequences will be rich countries having higher price levels
(Clague, 1985).
Other long-run structural factors that also have positive impacts on the national price levels
are resource abundance, international tourism, country size, and trade balance. Tradable goods
are resource intensive while nontradables are labour intensive. Therefore, other things being
equal, resource abundant countries will supply relatively more tradable goods than nontradable
goods, which raises price of nontradables and the overall price level. International tourism
essentially involves nontradable services. When the demand for international tourism rises, so
will the price of nontradables, and national price level accordingly. Another possible variable
is country size. This can be proxied by the population. The more populous the country is,
the higher is its supply curve for nontradables, hence, higher prices of nontradables relative
to tradables and higher overall price level. When a country has a trade deficit, it is spending
more than its income, so, given the same factor endowment and per capita income, the demand
curve of nontradables in this country shifts to the right. With an upward sloping supply
curve, the result is a higher relative price of nontradables to tradables, and higher overall prices
(Clague, 1988). Military spending has also been found to a ect national price level. Reductions
in military spending will tend to increase the relative supply slightly more than the relative
demand, which makes the price of nontradables relative to tradables decline by a small amount.
Consequently, lower military expenditures are predicted to result in a minor fall in the national
price level relative to the world average (Bergstrand, 1996).
The degree of openness influences countries’ price levels by a ecting the prices of factors of
production. The positive or negative e ects depend on whether the country is labour or capital
intensive. In a labour-intensive low-income country, trade openness leads to higher labour wage.
This, in turn, leads to higher nontradable service prices (as service are labour intensive) and,
therefore, higher overall price levels. On the other hand, in capital-intensive countries, increase
openness to foreign trade means higher capital prices and lower relative labour prices. Likewise,
lower labour prices reduce nontradable service prices and the overall price level (Kravis et al.,
1982).
Factors that can have an ambiguous e ect are the foreign trade ratios (FTR). If the country
is resource abundant, it is more likely to have high FTR so FTR increases price level. However,
in capital-intensive countries, if trade barriers a ect FTR, then FTR and price levels are nega-
tively correlated. Although there are cases when the variation in FTR is explained by resource
diversity, in which case FTR has no influence on price level.
Though providing the determinants of national price level, there are some limitations to
the national price level theory. Firstly, not many empirical tests have been done to confirm
the significance of the theoretical variables proposed. One paper by Christopher Clague tests
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a number of variables including real income, foreign trade ratio, resource abundance, trade
balance, education, growth in money supply, foreign tourism and shares of nontradables in
GDP. The trade balance and resource abundance (whose proxy is mineral share in GDP) are
highly significant; education and money growth have modest t-ratios; and the foreign trade
ratio has been found to be very sensitive to the model specification, dropping to very low levels
of significance in some regressions Clague (1986). This test is done for a sample of 31 countries
in 1975. The results show that the significance levels might not be of the same magnitude across
all variables in empirical estimation. This suggests that more and more of tests like this should
be done for the empirical check of theoretical determinants to a rm their role and order of
importance in explaining the price level of nations. The second drawback is a lack of a general
framework to study price level theory that can be applicable to higher or lower level of price
aggregation, such as price level of a group of countries or price level of GDP main components.
In fact, there are no explicit results on the determinants of price level for each component of
GDP. Only some proposals are put forward by observations such as C and G price levels are
observed to be positively related to income per capita like the national price level while the
price level of I is found to be ambiguous either with a negative correlation Alfaro and Ahmed
(2010) or no correlation at all with income Hsieh and Klenow (2007). Yet, there are still scopes
for the national price level theory to be more fully developed.
The national price level theory, together with deflators from national account data and
benchmark PPP panels are the input to the PPP extrapolation process. The methods of PPP
extrapolation are presented in the next subsection.
Extrapolation methods
This subsection describes the alternative methods in the PPP extrapolation literature. There
are four main approaches: The Reduced Information method (Ahmad, 1980); the REG methods
used by the World Bank (Ahmad, 1996), the method used by the PWT (Penn World Table
(2012); Feenstra et al. (2015a)), and the RRD (Rao, Rambaldi, Doran) method used by the
University of Queensland International Comparison Database - UQICD (Rao et al. (2015);Rao
et al. (2010a,b)). All of these sources produce PPPs and/or real income in both current and
constant prices. The current price real incomes are domestic income in local currency units
divided by the corresponding current price PPPs; while the constant price real incomes are
domestic income in local currency units divided by the corresponding constant price PPPs. In
other words, from current and constant price real incomes we can compute the corresponding
current and constant price PPPs of countries in a given year.
The reduced information method is a preferred approach to making quick estimates for
non-participating countries’ PPPs. The method simply involves collecting prices for a reduced
sample of carefully selected items, then making ICP type calculations for PPPs at GDP level
and a small number of its components (Ahmad (1980); Ahmad (1988)). This approach is more
concerned with price surveys than with estimation, and so will not be discussed further. Among
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the other three extrapolation methods, the PWT method has been used to estimate PPPs for
C, I and G since its inception. UQICD did not provide PPPs for C, I and G until version 2.1.0
(released in October 2014) based on the methodology developed for this thesis 2 (See Huynh
et al. (2014) and Chapter 4), as version 1.0 only provided PPPs at the GDP level. All of these
methods are mentioned here as starting points for the material presented in Chapter 4 on the
construction of complete panels for each of the GDP components. Details of each method are
presented in the following sections.
2.4.1 The World Bank method
The World Bank uses regression procedures - to fill the gaps in a given ICP benchmark. Short-
cut estimates are computed using regression techniques and a single benchmark data to estimate
an equation linking ICP estimates of GDP per capita and a selection of easily observable ex-
planatory variables for ICP benchmark countries. The estimated coe cients are then applied
to estimate ICP-type GDP per capita values for non-ICP countries. Estimates made for a
reference year are then extrapolated over time using real growth rates from national accounts
data with adjustment for the U.S. inflation (Ahmad (1996); World Bank (2005a)). This extrap-
olation method is known as the REG method. The results of this extrapolation are published
and used in the computation of other economic indicators in the World Development Indicators
(WDI).
The theoretical model is based on the observation that the divergence between PPP con-
verted GDP-per-capita and exchange rate converted GNP-per-capita grows inversely with per
capita GDP; and the noise around this relationship increases inversely with income levels.
Therefore, price levels should be the key factor in explaining the di erence between PPP and
exchange rate. Moreover, as di erences in price levels are mainly the result of the di erences in
labour productivity (see Subsection 2.4), regression equations to explain PPP - exchange rate
di erences would include variables that capture labour productivity di erences.
With the above objectives and theoretical background of the national price level determi-
nants, a model is set up with the independent variables representing natural resources, human
capital (education, demographic, health and nutrition), structure of openness of the economy,
price and exchange rates. The dependent variable is ICP GDP per capita of the latest available
year extended to the reference year using the real growth rate and U.S. inflation. Under the
constraints of data availability, only eight independent variables can be included. After run-
ning the “leaps and bounds” procedure (Furnival and Wilson, 1974) to identify the best subset
regressions, final models are chosen based on goodness-of-fit statistics and stability. The esti-
mated result are used to extrapolate PPP for non-participating countries before extrapolation
overtime is carried out based on real growth rates and adjusted for US inflation to produce
current price PPPs. More details of the REG methodology can be found in Ahmad (1996).
The more recent approach to extrapolate PPPs for non-benchmark economies by the World
2UQICD currently provides PPPs for the components at current prices and constant prices real C, I and G
from where the constant price PPPs can be computed.
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Bank for the 2005 ICP round uses a shortcut regression with the form:
Pli≠PlUS = b(Xi≠XUS)+ ei
where Pl=PPP/ER is the price level index, X stand for explanatory variables and includes
GDP per capita in US dollars at market prices, imports as share of GDP, exports as share of
GDP, the age dependency ratio, dummy variables for Sub-Saharan African economies, OECD
economies, island economies, and landlocked developing economies, as well as the interaction
terms of GDP per capita and dummy variables. There are two regressions – one for Pl at GDP
level and one at private consumption level. The imputed PPPs using the new method in World
Bank (2005a) are closer to benchmark PPPs than those using the old method in Ahmad (1996).
More details about the extrapolation methods of the World Bank can be found in McCarthy
2013 McCarthy (2013).
Even though a record number of countries (146 in six regions) participated in the 2005
ICP, more than 50 countries did not take part. Many of these countries were in the lower-
income group, which is the main interest for many of those using the ICP results for poverty
analysis. As a result, PPPs were imputed for GDP for many of these countries using regression
techniques, as done in earlier ICP rounds. In the 2005 ICP, PPPs were imputed for 42 countries
that had not participated in the program. The method used was based on two explanatory
variables in a logarithmic model to estimate GDP per capita. The explanatory variables were
(1) GNI per capita, expressed in U.S. dollars estimated using the World Bank Atlas method;
and (2) the secondary (school) gross enrollment rate.
Apart from current price PPPs and real income, the World Bank also produce PPP GDP in
constant prices by simply applying the regular national accounts growth rates for GDP to derive
the series for PPP GDP in constant U.S. dollars. Examples are the PPP GDP in constant 2005
U.S. dollars or PPP GDP in constant 2011 U.S. dollars (World Bank, 2015b).
2.4.2 The method in PWT
Apart from being a source of complete GDP PPP panels like the World Bank and the UQICD,
the PWT was until recently the only existing source of complete PPP panels for C, G and I.
Started from the early 1980s, the PWT was developed by Robert Summers and Alan Heston
of the University of Pennsylvania, together with the late Irving Kravis. From the first version
of PWT1 Summers and Heston (1984) to the latest of PWT8 there has been significant im-
provement in the methodology to specify a model of extrapolation and benchmark estimates.
For version 7.1 and earlier versions . . .
For version 7.1 and earlier versions, the PPP construction of the PWT essentially involved
three main steps: (i) aggregation of PPPs from basic heading level to C, I, G levels for the
most current ICP benchmark for participating countries, (ii) extrapolation of these PPPs to
nonparticipating countries for that benchmark, (iii) extrapolation of price levels obtained in step
(i) and (ii) over time and aggregation into GDP price levels for all countries and years. Between
PWT7 and PWT8.0 there have been major changes in the methodology of PPP extrapolation.
On the PPP extrapolation for C, G and I, the method changed fundamentally.
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The first di erence is in the concept of consumption and government (the C and G com-
ponents). In version 7.1, PWT followed the ICP and used the definition of actual individual
consumption (AIC) for C and government collective consumption for G. From PWT8.0, C be-
comes household consumption and G stands for government consumption (both collective and
individual). In other words, the government individual consumption, which was part of C in
PWT7.1 now becomes part of G in PWT8.0. The second change is that there is no longer
spatial extrapolation of PPPs to non-ICP countries. Only extrapolation over time is carried
out using all the ICP data given for that country. Lastly, from PWT8.0, all benchmark PPPs
information (instead of the most recent 2011 benchmark PPPs) are incorporated into the com-
putation by using only national account growth rates for the years before the first and after the
last benchmark a country participated; for years in between, the growth rates are kept invariant
yearly between any two benchmarks to track the PPPs reported by the ICP (Feenstra et al.,
2015b)) The 2011 benchmark PPPs are supposed to be incorporated in PWT9.
As the UN System of National Accounts (SNA) recommended that all countries provide AIC
in their National Accounts (European Communities, International Monetary Fund, Organisa-
tion for Economic Co-operation and Development, United Nations and World Bank, 2009) and
also the ICP uses actual individual consumption - AIC for the Consumption component, we
want to follow the ICP and SNA in our estimation. Therefore, the PWT7.1 results are more
relevant to us. However both the PWT7.1 and PWT8.0 methodologies are presented here for
our literature review for the computation of complete PPP panels in both current and constant
prices.
PWT7.1
PWT 7.1 includes 189 countries and territories, for the period 1950-2010, and uses 2005 as the
reference year (Penn World Table, 2012).
Aggregation of benchmark PPP to C, G, I level
For participating countries in benchmark year (2005), the PWT7.1 uses geometric average
of GEKS and CPD weighted for aggregating basic heading PPPs to C, G, I and Domestic
Absorption (DA) PPPs. Here, DA = C+G+ I. For details of these methods please refer to
Subsection 2.3.2.
Extrapolation for non-benchmark countries
For countries that did not participate in the ICP benchmark, a shortcut method is used to obtain
the PPPs of C, I and G based on the post-adjustment indexes. The post-adjustment indexes
come from three di erent sources: the United Nations, the Employment Conditions Abroad and
the U.S. State Department. The indexes were designed to equalize purchasing power of salaries
for sta , ensuring that no matter where the sta  work, their take-home-pay has a purchasing
power equivalent to that at the base of the system (United Nations International Civil Service
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Commission, 2016). The method in PWT 7.1 operates in two stages, first estimating the price
level of Domestic Absorption (DA = C + I +G) for these countries. The basic estimating
equation in PWT7.1 was of the form:
lnPLDAi = –lnPAi+—lnNOMDAi+⁄Rk+“Ci+ ‘i (2.8)
The dependent variable lnPLDAi is log of the price level of DA for country i. The index i
runs over 146 countries, and for the variable Rk the index k is over the six regions: Africa, Asia-
Pacific, South America, EU-OECD, CIS, and Western Asia. lnNOMDAi is the log nominal DA
(in local currency). The variable lnPAi is the log of the average of three post adjustment indexes
for the United Nations, the Employment Conditions Abroad and the U.S. State Department;
and the variable Ci is a country coe cient. In practice, not all indexes are available for all non-
benchmark countries. For this reason one can estimate separate equations for all combinations
of available post adjustment indexes, or take an average of available ones.
The mean of the estimated coe cients are applied to non-benchmark data and the exponent
of the result is the short-cut estimate of the PLDAi for non-benchmark country i, these are
used to derive a preliminary estimate of real per capita DA (DAPCi = nominalDAPCiPLDAi ) that in
turn becomes a variable in the second set of equations shown below:
realshareCi = –1(nomshareCi)+—1(nomshareIi)
+ “1(nomshareGi)+ ”1(DAPCi/DAPCUS)+ ‘C,i (2.9)
realshareIi = –2(nomshareCi)+—2(nomshareIi)
+ “2(nomshareGi)+ ”2(DAPCi/DAPCUS)+ ‘I,i (2.10)
realshareGi = –3(nomshareCi)+—3(nomshareIi)
+ “3(nomshareGi)+ ”3(DAPCi/DAPCUS)+ ‘G,i (2.11)
In the above equations, the real share of each component is a function of the nominal
shares of all the three components and real per capita DA of country i relative to the US. The
estimations are under these coe cients constrains: realshareCi+realshareIi+realshareGi =
1; q3k=1–k = 1; q3k=1—k = 1; q3k=1 “k = 1; q3k=1 ”k = 0.
Estimated coe cients are again applied to non-benchmark countries and predicted real
shares are obtained and used to compute the price levels of Consumption for non-benchmark
countries as follow:
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PlC,i =
(nomshareCi)
(realshareCi)
◊ nomDAi
realDAi
= nomCi
realCi
(2.12)
By definition
PPPC,i = PlC,i◊ERi (2.13)
where ERi is the exchange rate of country i relative to the US.
The procedure applies to G and I similarly.
Extrapolation of PPPs to non-benchmark years
The price levels for C, G and I for both participating and nonparticipating countries are deflated
to all years using growth rates from national accounts data. A complete panel of current price
PPPs for each component can be computed from these price levels and the exchange rates.
The price levels are also combined with the nominal expenditures in local currency units on
C, I and G for all these years to become inputs in a GK aggregation procedure for each year
(details in subsection 5.2.2), which results in international prices of C, I and G in addition to
the current price PPPs for all countries in each year.
Apart from the current price PPPs or price levels (which allow international comparison
over countries in a particular year but not over time), PWT also o ers constant price PPPs or
price levels (which allow comparison over both time and space) for GDP and its components.
For example, if we want to compute Consumption at 2005 constant price PPP for country i
at time t (realC(constant)it), we multiply the current price PPP consumption of country i in
2005 with the growth rate of the nominal Consumption at constant 2005 price at local currency
unit between year t and 2005 ( nomC(constant)itnomC(constant)i,2005 ). Note that the constant and current price
PPPs of Consumption for country i would be equal in the base year, which is 2005 in this case.
realC(constant)i,2005 = realC(constant= current)i,2005◊ nomC(constant)itnomC(constant)i,2005
Similarly, we can compute the real expenditure of G and I at constant 2005 prices and the
real GDP at constant 2005 prices is the sum of these real component values, plus net foreign
balance. To compute constant PPP at GDP or component levels, we just need to divide the
GDP or components’ current expenditures expressed in domestic currency by the corresponding
real values (Penn World Table, 2012). For example, the constant price PPP for Consumption
of country i at time t with respect to any particular base year will be computed as follow:
PPP constantC,i,t =
nomCit
realC(constant)it
(2.14)
PWT8.0
The latest PWT version - PWT8 whose methodology is detailed in Feenstra et al. (2015b)
signifies fundamental changes in the methodology compared to PWT7.1 and earlier versions.
Measures of real GDP in PWT8 are separated into GDP from the expenditure side and GDP
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from the output side, which also involves imports and exports. This is done in a two-step
procedure:
In step one, after price indexes for consumption (C), government expenditure (G) and in-
vestment (I) were aggregated from ICP data using the GEKS method, PPPs for non-benchmark
years can be interpolated or extrapolated using the time-series data on C, G, I price indexes for
each country from their national accounts. The approach was illustrated by a simple example
as follows. For a hypothetical country j that participated in ICP only in the 1996 and 2005
benchmarks, PPPs are interpolated for the 1997-2004 period, while PPPs for the years up to
1995 and from 2006 onwards are based on extrapolation (Figure 2.3).
Figure 2.3: PWT8.0 method of PPP extrapolation over time
BM BM
1996 2005
Extrapolation ExtrapolationInterpolation
Let PNAijt denotes the price deflator for component i of country j at time t based on national
account data, with the value for the U.S. PNAiUS2005 = 1. Let PBMijt be the price index of country
j for component i of either consumption (C), government expenditure (G), or investment (I)
at time t obtained from carrying out GEKS aggregation to ICP price and quantity data and
then multiply the results by PNA,kiUSA,t. Pijt denote price index of country j for component i at
time t obtained from extrapolation or interpolation.
• For extrapolations:
Pij,t≠1 = PBMijt ◊
PNAij,t≠1
PNAij,t
(2.15)
• For interpolations:
Pijt = PBMij1996◊
PNAijt
PNAij,1996
( 2005≠ t2005≠1996)+P
BM
ij2005◊
PNAijt
PNAij2005
( t≠19962005≠1996) (2.16)
Having obtained a complete time-series and cross-country dataset on the prices of C, G,
and I relative to a base country (the U.S.), the second step is to aggregate them to total
expenditure level using the GK method. We first consider the case of PPPs at the GDP level
from the expenditure side, with superscript ÕeÕ denoting expenditure side variables. Suppose
there are j = 1,2, . . .M countries and i = 1,2,3 denotes the components of GDP: C, G, I; t is
the subscript for time. (Xjt≠Mjt) is the are trade balance of country j at time t. Prices are
expressed relative to the United States and expenditures are in current national prices.
The GK equations become:
P eit =
qM
j=1(Pijtqijt/PPP ejt)qM
j=1 qijt
(2.17)
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PPP ejt =
q3
i=1Pijtqijtq3
i=1P
e
i qijt
(2.18)
RealGDP ejt =
Nÿ
i=1
P eitqijt+(Xjt≠Mjt)/PPP ejt (2.19)
For PPPs of GDP on the output side, with superscript ÕoÕ denoting output side aggregates,
ÕxÕ for exports and ÕmÕ for imports, NX is the number of traded commodities. Data for exports
and imports prices and quantities are from the data for Broad Economic categories (BEC) of
exports and imports from Feenstra and Romalis (2014). The GK augmented systems are:
P oit =
qM
j=1(Pijtqijt/PPP ojt)qM
j=1 qijt
(2.20)
P xit =
qM
j=1(P xijtxijt/PPP oj )qM
j=1xijt
(2.21)
Pmit =
qM
j=1(pmijtmijt/PPP ojt)qM
j=1mijt
(2.22)
PPP ojt =
NominalGDP ojtq3
i=1P
o
itqijt+
q3+NX
i=3 (P xitxitj≠Pmit mijt)
(2.23)
The two solutions are completely di erent since they produce PPPs for di erent aggregates:
the former for domestic absorption, leaving out imports and exports (or GDP at expenditure
side) and the latter for GDP on the output side which includes imports and exports as well.
The above are PPPs for GDP and price levels of components at current prices.
For constant price PPP computation, the real GDP at constant price growth rates gj,t are
defined by the following equations:
E1jt =
qN
i=1P
e
i,t≠1qij,t+(Xj,t≠Mj,t)/PPP ej,tqN
i=1P
e
i,t≠1qij,t≠1+(Xj,t≠1≠Mj,t≠1)/PPP ej,t≠1
(2.24)
E2jt =
qN
i=1P
e
i,tqij,t+(Xj,t≠Mj,t)/PPP ej,tqN
i=1P
e
i,tqij,t≠1+(Xj,t≠1≠Mj,t≠1)/PPP ej,t≠1
(2.25)
gej,t = [E1jt◊E2jt]
1
2 (2.26)
For the output-based comparison, use:
E3jt =
qN
i=1P
o
i,t≠1qij,t+
qN+NX
i=N (P xi,t≠1xij,t≠Pmi,t≠1mij,t)qN
i=1P
o
i,t≠1qij,t≠1+
qN+NX
i=N (P xi,t≠1xij,t≠1≠Pmi,t≠1mij,t≠1)
(2.27)
E4jt =
qN
i=1P
o
i,tqij,t+
qN+NX
i=N (P xi,txij,t≠Pmi,tmij,t)qN
i=1P
o
i,tqij,t≠1+
qN+NX
i=N (P xi,txij,t≠1≠Pmi,tmij,t≠1)
(2.28)
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goj,t = [E3jt◊E4jt]
1
2 (2.29)
With the constant and current prices real GDP set to be equal in 2005, the growth rates
are used to calculate real GDP aggregates RealGDPconstant,j,t for all the countries at constant
2005 prices, for example:
RealGDPconstant,j,2006 = gj,2006◊RealGDPconstant,j,2005 = gj,2006◊RealGDPcurrent,j,2005
(2.30)
RealGDPconstant,j,2007 = gj,2007◊RealGDPconstant,j,2006 (2.31)
The constant-price PPPs for GDP of country j at time t will then be:
PPPconstant,j,t =
NominalGDPj,t
RealGDPconstant,j,t
(2.32)
Similar approach can be carried out to obtain constant price PPPs for C, G and I (Feenstra
et al., 2015a).
Though the PWT method is advantageous over REG since PPPs are estimated on the
basis of actual (post adjustment) prices instead of indirectly through proxy variables. There
are two main problems that need addressing. Firstly, the PPPs that PWT provides do not
produce standard errors. This limits the derivations of further econometrics and statistics
results. Secondly, the extrapolation approach to estimate PPPs for GDP components is based
on calculations of the shares without taking into account the structural determinants of each
component. This method lacks theoretical justification and cannot capture the characteristics
that are specific to each component. An alternative approach for the estimation of PPPs for
GDP components that can produce standard errors and incorporate the price level theory of
each component would be ideal for overcoming these problems. The Rao-Rambaldi-Doran
(RRD) method below is the one that enables those improvements.
2.4.3 The RRD method
The RRD (Rao-Rambaldi-Doran) method (Rao et al. (2010b); Rao et al. (2010a)) is the most
recently proposed approach to the construction of panels of PPPs and real incomes. The result-
ing panels are available at the University of Queensland International Comparison Database
(UQICD) website (http://uqicd.economics.uq.edu.au/) (Rao et al., 2015). The method im-
proves upon the PWT and the REG methods as it fixes the two main problems of (i) time-space
inconsistency of the data produced from di erent benchmarks (for PWT 7 backwards) and (ii)
the lack of standard errors for prediction. By using a single step state space econometric frame-
work, all the available information on PPPs for countries over time is combined e ciently. The
estimation is then carried out using the Kalman Filter given assumptions on hyperparameters
and initial conditions. The method is flexible enough to either track benchmarks or tracks the
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observed national price movements accurately. This method is also suitable for incorporating
di erent economic models for each of the three GDP components; or di erent assumptions on
the measurement errors of ICP and national account data in PPP computation (this is the sub-
ject of Chapter 3). Once the economic models on the price level for private consumption (C),
government expenditure (G) and gross capital formation (I) are developed and data collected,
the RRD method can be use to produce PPPs for each component separately (see chapter 4).
Below are the economic models and sources of measurement, the econometric assumptions,
state space representation and estimation algorithms for the current-price PPP computation
and the method to compute constant price PPPs from the resulted current-price PPPs.
Economic models and sources of measurement
To construct a complete panel of PPPs, the RRD method makes optimal use of all the informa-
tion available, which comes from four di erent sources: PPPs from ICP benchmark exercises,
theory of national price levels which can be used in predicting PPPs, derived growth rates in
national prices that provide information on the rate of growth of PPPs, and a constraint used
to identify the system as PPPs are expressed with respect to a reference country. In all cases
the notation indicates country i = 1,2, ...,N and time t = 1,2, ...,T . The variable of interest is
PPPit which represents the purchasing power parity of the currency of country i with respect
to a reference country currency at time period t. For the purpose of the modelling a natural
log transformation is used, pit = ln(PPPit). The variable of interest is not directly observed
as a result of market transactions; however, the above mentioned sources provide information
with varying degrees of accuracy that can be e ciently used to obtain ‰PPPit, a statistically
optimum prediction of PPPit. Below each component is described in more details.
1. The first source of information is ICP benchmark data, p˜it. Allowing for measurement
errors:
Âpit = pit+ ›it (2.33)
where, Âpit is the ICP benchmark observation for participating country i at time t; ›it is a
random error accounting for measurement error of the ICP.
2. The second source of information is the theory of national price levels, which makes it
possible to postulate the regression relationship:
rit = —0t+xÕit—s+uit (2.34)
where, rit = ln(PPPit/ERit) is the natural log of the national price level of country i
in period t; ERit is the exchange rate of currency of country i at time t; xÕit is a set
of conditioning variables that can help explain the price level; —0t and —s are the inter-
cept and slope parameters, and uit is a random disturbance with special characteristics
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described in the assumption equations (2.38) and (2.39) in the next section. After the
above equation is estimated, we can make predictions of the variable of interest that is
consistent with the price level theory:
pˆit = —ˆ0t+xÕit—ˆs+ ln(ERit) (2.35)
3. The third source provides the information about the growth rates of PPPs,
cit = ln
GDPDefi,[t≠1,t]
GDPDefUS,[t≠1,t]
where cit is the log of the PPP growth rates and GDPDefi,[t≠1,t] is the GDP deflator
for period t relative to period t≠1 of country i published through the national accounts.
The form of the growth rate derives from theory by treating GDP as a single commodity.
Thus, the PPP for GDP of country i evolves over time as follows:
PPPi,t = PPPi,t≠1◊
GDPDefi,[t≠1,t]
GDPDef1,[t≠1,t]
with GDPDefi,[t≠1,t] denotes the GDP deflator of country j between time t and t≠ 1;
country 1 is the reference or base country.
The growth rate provides the information to define the equation that shows the time
evolution of pit. RRD assume that deflators from the national accounts might contain
measurement errors, and thus ÷it in (2.36) is a random error accounting for measurement
error in the PPP growth rates:
pit = pi,t≠1+ cit+÷it (2.36)
E(÷it›it) = 0.
4. The final source is the constraint on the PPPs due to the definition which is with respect
to a reference country. In RRD country one, i = 1, is taken as the reference country.
UQICD follows the convention of using the USA as the reference country for all t and
therefore:
p1,t = 0 (2.37)
These four sources of information will be combined with assumptions on the distribution of the
random error terms to form the state space specification of the model.
Econometric assumptions
This section details the econometric assumptions and combine them with the economic equa-
tions in section 2.4.3 to derive the state space formulation of the model.
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There are three assumptions regarding the error structure of the system:
1. The error term uit in equation 2.34 are spatially correlated:
ut = „Wtut+et (2.38)
E(utuÕt) = ‡2u(I≠„Wt)≠1[(I≠„Wt)≠1]Õ (2.39)
In words, the error follows a Spatial Error Model where the spatial correlation coe cient
„< 1 and Wt(N◊N) is a spatial weights matrix having rows add up to one and diagonal
elements are zero. “Spatial” here refers to economic distance rather than geographical
distance3.
2. The measurement errors in equations (2.36) and (2.33) are heteroskedastic with mean
zeros.
E(›it) = E(÷it) = 0 (2.40)
E(›2it) = ‡2›Vit≠ICP (2.41)
E(÷2it) = ‡2÷Vit≠NA (2.42)
where ‡2› and ‡2÷ are constants of proportionality and Vit≠ICP and Vit≠NA are the variance-
covariance matrices associated with the measurement errors in the PPPs from ICP and
the growth rates from NAs, respectively.
3. RRD (Rao et al., 2010b) showed the measurement error variance-covariance matrices
should be of the form:
Vit≠S =
SU 0 0
0 ‡21t≠SjjÕ+diag(‡22t≠S , ...,‡2Nt≠S)
TV (2.43)
with ‡2it≠S measures the variance of country i at time t for S = ICP,NA. and ‡21t≠S
is the variance of the reference country at time t. This form of the variance-covariance
means the standard error associated with ‰PPP it incorporates the uncertainty associated
with the PPP for country 1 (the reference country). This form of the covariance structure
is also a necessary condition to prove RRD is invariant to the choice of reference country
(proof in Rao et al. (2010a)).
To implement their method, RRD proposed to specify ‡2it≠S as inversely proportional to
country i’s level of development. This specification of Vit≠ICP and Vit≠NA is compared
to a number of alternatives in Chapter 3.
3(Rambaldi et al., 2010) compared three alternative models of economic distance and found one based on
bilateral trade flows to be as well performing as a more complicated model using factors that were functions of
bilateral trade as well as whether countries shared languages, religion or laws.
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The State Space representation
A state space model consists of two sets of equations: the observation equations and the
transition equations. The transition equations are produced by writing equation(2.36) for N
countries in each time period t:
–t =–t≠1+ct+÷t (2.44)
where, –t is the N ◊ 1 state vector of unknown pit = ln(PPPit); ct is the observed (with
error) growth rate of –t; ÷t is the measurement error in measuring the growth rates with
E(÷t) = 0 and
E(÷t÷Õt)©Qt = ‡2÷Vt≠NA (2.45)
The transition equations simply update period t≠1 PPPs using the observed price changes
over the period represented by ct.
To derive the observation equations, which relate the observations (pˆt, p˜t) to the unknown
elements, pit, in the state-vector, –t, equation (2.34) can be written as:
pit = —0t+xÕit—s+ ln(ERit)+uit (2.46)
By subtracting equation (2.46) from equation (2.35), we have:
pˆit = pit+(—ˆ0t≠—0t)+xÕit(—ˆs≠—s)≠uit (2.47)
or
pˆt =–t+Xt◊+vt (2.48)
where pˆt is a N ◊1 vector of regression predictions, with elements pˆit, for the N countries; Xt
includes time dummy variables and socio-economic variables; ◊ = [◊0t◊s]Õ is a coe cient vector
representing the error in a current estimate of a parameter — = [—0t—s]Õ. Thus, ◊ˆ0t = —ˆ0t≠—0t
and ◊ˆ = —ˆs≠—ss; vit =≠uit. To obtain a set of predictions pˆt, the regression (2.34) is used in
RRD as the shortcut regression similarly to the World Bank and PWT approach, except it is
an unbalanced panel regression using all available PPP ICP information. However, RRD does
not take those predictions as the set to be used to complete the panel. The predictions from
the panel shortcut regression is used as a set of "initial" values. By including (2.48) in the state
space system (shown below) as one component, RRD can use an iterated estimation of ◊ which
allows the re-estimation of the parameters of the shortcut regression by incorporating the Xt
information for the N countries over the T years. The iterated estimation drives ◊ towards
zero and at each iteration it provides an improved prediction of pˆt (a sketch of the estimation
algorithm is presented in the next subsection.
To write the observations available for di erent groups of countries at each time period,
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ICP years), four ’selection matrices’ are defined as follow:
S1 = [1;0ÕN≠1] selects the reference country i = 1.
Sp is a matrix which selects the Nt ICP participating countries (excluding the reference
country) in a benchmark year t.
Snp is a matrix which selects (N≠1≠Nt) non-participating countries in a benchmark year,
or (N ≠1) in a non-benchmark year.
The observation equations accommodating both benchmark and non-benchmark observa-
tions can be written in the form:
yt = Zt–t+BtXt◊+’t (2.49)
For non-benchmark years, the equations are defined as:
yt =
SU 0
Snppˆt
TV ;Zt =
SU S1
Snp
TV ;Bt =
SU 0
Snp
TV ;’t =
SU 0
Snpvt
TV (2.50)
E(’t’Õt) =Ht =
SU 0 0
0 ‡2uSnp S
Õ
np
TV (2.51)
For benchmark years, the equations are:
yt =
SWWWU
0
Snppˆt
p˜t
TXXXV ;Zt =
SWWWU
S1
Snp
Sp
TXXXV ;Bt =
SWWWU
0
Snp
Sp
TXXXV ;’t =
SWWWU
0
Snpvt
Sp›t
TXXXV (2.52)
E(’t’Õt) =Ht =
SWWWU
0 0 0
0 ‡2uSnp S
Õ
np 0
0 0 ‡2›SpVt≠ICPS
Õ
p
TXXXV (2.53)
The state vector,–t, is estimated using the Kalman Filter and Smoothers given assumptions
on hyperparameters and initial conditions.
The estimation algorithm
The estimation process is sophisticated, which can be separated into four steps. (For a more
detailed explanation please refer to Rao et al. (2010a, Section 5.2))
Step 1: Obtain an initial estimate of —, —ˆ0 by regressing rit on xÕit using the unbalanced
panel formed by all participating countries in all ICP benchmark years (see equation (2.34)),
and construct an initial OLS prediction pˆit using equation (2.35) for all N countries and T
years.
Step 2: Given starting values for the hyperparameters „, ‡2u, ‡2› and ‡2÷ a Newton-Raphson
iterative procedure is used to maximize the likelihood function. The GLS procedure proposed
by Harvey (1989, Section 3.4.2) is used is built into the computation of the likelihood function
to estimate ◊, so that at each iteration all parameters are updated. Upon convergence, a set of
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MLE estimates of „, ‡2u, ‡2› and ‡2÷, and ◊ are obtained. These updated estimates account for
the spatial correlation structure of the errors through the KF/GLS estimation of ◊. Denoting
these estimates by ◊j .
Step 3: Using updated estimates, ◊j to revised estimates of —ˆj0t= —ˆ
j≠1
0t ≠ ◊ˆj0t and —ˆ
j
s= —ˆ
j≠1
s ≠
◊ˆ
j
s, which are used to obtain an updated pˆ
j
it by equation 2.35: pˆit = —ˆ0t+x
Õ
it—ˆs+ ln(ERit).
For invariance to hold the predictions require adjustment by subtracting the base country’s
prediction, pˆadjustedit = pˆ
j
it≠ pˆj1t (see Appendix of Rao et al. (2010a))
Step 4: Repeat step 2 and 3 until the change in the estimates of ◊j s are su ciently close
to zero.
Once the estimates of hyperparameters „, ‡2u, ‡2› and ‡2÷ and ◊ are obtained from the above
algorithm, they are used to run the Kalman Filter and Kalman Smoother (Harvey, 1989) with
covariances Qt and Ht replaced in the algorithm by their maximum likelihood estimates. The
algorithm provide estimates of the state vector, –ˆt, and its variance-covariance matrix,  t. In
order to obtain predictions of PPPit we reverse the natural log transformation which provides
a median unbiased estimate:
‰PPPit = exp(–ˆit) (2.54)
with –ˆit is the corresponding Kalman smoothed element of –ˆt. The standard errors for the
predicted PPPs under log-normality assumptions are computed as follows:
SE(PPPit) =
Ò
(exp(2ú –ˆit)exp( ii,t)exp( ii,t≠1) (2.55)
where,  ii,t is the ith diagonal element of  t
By simple change in specifications of the hyperparameters in the variance covariances Qt and
Ht di erent sets of PPPs estimates (with or without spatial errors, with and without tracking
the ICP benchmark PPPs, with and without tracking national price movements exactly) can
also be found.
Computation of PPPs at constant prices
The UQICD user guide (Rao and Rambadi (2015), Appendix C) details the RRD approach
to the computation of panels of real incomes at constant prices from current price real income
obtained using the PPPs from the method just described, so that aggregate measures become
comparable across countries and over time. Let PPP 1it denotes the current price PPP of country
i in time t with reference country 1. Let GDPit denotes the GDP of country i at time t expressed
in local currency units. RGDP 1it denotes the current prices real GDP of country i in time t
expressed in the currency units of the reference country 1;
RGDP 1it =
GDPit
PPP 1it
(2.56)
In order to maintain cross-country comparisons in any given year made using RGDP 1it, the
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constant real GDP is computed as follow:
Let CRGDP 1,·it be the international constant price real GDP in the prices of year · and
currency of country 1; and Defit denotes the GDP deflator from national account data for
country i at time t.
CRGDP 1·it =RGDP 1it◊PPP 1it◊
Defi·
Defit
◊ 1
PPP 1i·
(2.57)
It can be inferred from here that PPP 1·it - the constant price PPP for country i at time t
relative to base country k and base year · can be computed from the constant price real GDP
and nominal GDP in local currency units as below:
PPP 1·it =
GDPit
CRGDP 1·it
(2.58)
The RRD method does not only produce PPP estimates which are time-space consistent
(results do not depend on ICP benchmark years and reference country), but also produce
standard errors for the predictions. These are improvements over the extrapolation produced
by PWT (See Section 2.4.2) and the REG methods (see Section 2.4.1). Moreover, specific
structural determinants of the price levels for each component can be incorporated in the
economic model by the choice of explanatory variables in the Xt matrix. Those are the reasons
RRD method is chosen as the econometric method to extrapolate PPPs for C, G, I components
in this thesis (details in Chapter 4).
A point to note is that though the extrapolation methods produce PPP series both over space
and time dimension, which is very useful for comparison and analysis, care should be taken when
using PPPs as though they are times series because PPPs are originally designed for comparing
economic activity between countries (i.e., a spatial comparison) rather than comparing changes
across time. Theoretically, a time series of PPPs may provide plausible results provided that the
economic structures of the countries involved in the comparison do not change rapidly. Using the
United States and China in recent years, we can see that distorted results are likely to be reached
if the economies of the countries are dissimilar or the economic structures of the countries are
changing at very di erent rates. In general, di erent extrapolation methods will usually produce
di erent extrapolated PPP estimates for the same country and year, and will not necessary
match well with subsequent benchmark PPP data when they become available. The reason is
that each method has its own assumptions and methodology. However, experience has shown
that international economic comparison using extrapolating PPPs and real expenditures will
result in much more realistic data than the alternative of using market exchange rates to convert
values into a common currency McCarthy (2013).
2.5 Conclusion
The literature review presented so far forms the basis for our research, which will be in three
di erent directions revolving around PPP computation and extrapolation methods: (i) econo-
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metric investigation into the specification of the variance- covariance matrix accounting for
measurement errors in ICP and national account data and the robustness of the RRD es-
timated PPPs to di erent specifications; (ii) developing economic models and estimation of
PPPs for the three components of GDP (Consumption, Government, Investment); (iii) aggre-
gation of component GDP PPPs to form an alternative series of PPPs at GDP and Domestic
Absorption level. The next chapter presents the background, methodology and results for the
PPP extrapolations to the di erent choices of variance-covariance matrix.
Chapter 3
Measurement Errors in PPP
Extrapolations.
3.1 Introduction
As already discussed, ICP has supplied benchmark PPPs for countries intermittently, although
since the 2005 round the intention is that the ICP exercises will be conducted every five to six
years. The last round was in 2011, and the next is under planning and likely to be held in
2017 . PPP users, however, demand annual PPP data for empirical research and applications.
To fill this gap between the supply and demand of PPP data, extrapolations over time has to
be carried out. Recall that theoretically the PPP for GDP of country j evolves over time as
follow:
PPPj,t = PPPj,t≠1◊
GDPDefj,[t≠1,t]
GDPDef1,[t≠1,t]
(3.1)
with GDPDefj,[t≠1,t] denotes the GDP deflator of country j between time t and t≠ 1;
country 1 is the reference or base country.
In practice, this is implemented by extrapolating benchmark PPPs from the ICP to non-
benchmark years using national price deflators from national accounts of countries. Though
based on the same theory, there are two approaches to the implementation of this updating:
deterministic approach and econometric approach.
In the deterministic approach, which is currently being applied by the PWT8.0 (Feenstra
et al., 2015a) and by the World bank (see subsection 2.4.1), the benchmark PPPs from ICP
and price deflators from national accounts are treated as exact numbers (see subsection 2.4.2).
This is an unrealistic assumption as the measurement errors (MEs) from the ICP and national
accounts data are well acknowledged in the literature (the next section will discuss this issue
in more detail). This is the reason why Feenstra et al. (2015a) indicates that they are a special
case of the RRD method by Rao et al. (2010b,a)- an econometric approach, which allows for
MEs in ICP and national accounts in their PPP computation. The MEs are then reflected in
the uncertainties of the point estimates by the associated standard errors produced (See Section
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2.4.3).
Thus, the issue is not whether MEs should be accounted for in PPP computation, but how
to best account for them. The objective of this chapter is to try to answer that question by
proposing alternative forms of MEs in the observations from both the ICP and the national ac-
counts (NAs) and evaluating the robustness of the resulting PPP point estimates and standard
errors to the alternative assumptions.
With this aim in mind, the chapter will be organized as follow. In Section 3.2, we first
explain the motivation of our work by reviewing the literature that has raised the measurement
error problems in the ICP and NAs before looking into sources of measurement error variations
for each data source, which are to be accounted for in the variance-covariance matrices of the
econometric formulation presented in Section 2.4.3. Section 3.3 discusses the specification of
the covariance matrices and how they are specified in the RRD formulation before a number of
alternative formulations and the methodology used for evaluation will be presented. Section 3.4
is a discussion of the empirical analysis and results and the final section is a brief conclusion.
3.2 Accounting for measurement errors in PPP compu-
tation
This section presents the arguments that support the existence of the ME problem in interna-
tional comparisons and their consequences and then explores the sources of MEs.
3.2.1 Measurement errors in the ICP and National Accounts (NAs).
In order to extrapolate ICP PPPs over time to non-ICP years (see Section 2.4), two sources of
data are needed: the benchmark PPPs from the ICP of the World Bank and the NAs of di erent
countries. The ICP history and benchmark data provided by the program were discussed in the
Section 2.3.1. NAs are the implementation of complete and consistent accounting techniques for
measuring the economic activity of a nation and are usually run by the national statistical o ce
of each country (United Nations Statistics Division, 2015). Among many other macroeconomic
variables, NAs provide di erent measures of deflators, which help to determine the movement
of PPPs over time.
As the data from the ICP and NAs are obtained through large surveys, a number of mea-
surement techniques and complicated processing, measurement errors (MEs - the di erence
between a measured value of a quantity and its true value) (Oxfort University Press, 2006) are
inevitable. This is not only true in theory but is also observed by various empirical findings in
the literature.
With the ICP, even between the two latest rounds, 2005 and 2011, with a significant increase
of country coverage and improvement in methodology compared to previous rounds, there are
large discrepancies between the projected 2011 PPPs (using 2005 ICP and NAs growth rates)
and the actual ICP 2011 PPPs. The 2005 ICP, which is considered the first truly global ICP
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exercise, resulted in large revisions of published real incomes for developing countries. Deaton
and Heston (2010, pp. 3) reported: “the 2007 version of the World Development Indicators
(WDI), World Bank (2007), lists 2005 per capita GDP for China as $6,757 and for India as
$3,452, both in current international dollars. The 2008 version, World Bank (2008a), which
includes the new [2005] ICP data, gives, for the same year, and the same concept $4,088 for
China and $2,222 for India. For comparison, GDP per capita at market exchange rates is $1,721
for China and $797 for India”. Given the previous ICP rounds had not been as comprehensive, it
was not entirely surprising to find the estimates based on projections used at the time were not
that accurate. However, the expectation was that ICP 2011 would not result in large revisions.
However, the di erences between the projected from 2005 and the actual 2011 measures did
di er by a substantial margin in some cases. Feenstra et al. (2013) estimated that real per-capita
GDP in China was 50% higher relative to the U.S. in 2005 than the World Bank estimates.
Deaton and Aten (2014) used two di erent methods to measure the size of the di erence
between 2005 ICP and 2011 ICP and reached the same conclusion that the 2005 PPPs for
consumption for countries in Asia (excluding Japan), Western Asia, and Africa were overstated
relative to the U.S. by between 18 to 26 percent. Inklaar and Rao (2014) also found upward
revisions to income and consumption levels resulting from the downward revisions to PPPs
when moving from extrapolations from ICP 2005 to ICP 2011. According to their findings,
relative income and consumption levels have increased by more than half in a large number
of countries. Di erences in GDP per capita extrapolations are between 30 to 40 percent for
large countries like Brazil, China and India and di erences are quite large in oil-rich economies
including Indonesia.
Heston and Summers (1996) warned PPP users of the measurement error carried into the
PPP benchmark computations from countries’ NAs. They argue that if countries do not include
unregistered economic activities in their accounts or distort their level of GDP, these errors
will be carried over into the benchmark estimates. Diewert (2010) and Deaton and Aten
(2014) also found problems with the inaccurate and outdated expenditure weights that the
NAs of participating countries supply to the ICP, which cause grave di culties in ICP PPP
calculations.
With these significant errors in measurement from the ICP and NAs acknowledged, failure
to account for them when using their data might lead to incorrect results and inferences, espe-
cially in the study of inequality and growth. Deaton and Heston (2010) looked at the role of
purchasing power parity (PPP) price indexes from the ICP in inequality and poverty measure-
ment and found that inequality increased with the then latest revision of the ICP (ICP 2005),
and this reduced the global poverty line relative to the US dollar. Again, after the publication of
ICP 2011 World Bank (2014), and Inklaar and Rao (2014) found income and consumption lev-
els of the average country increased by about 25 percent when compared with earlier estimates
based on extrapolation form ICP 2005 (World Bank, 2005b). This is particularly the case for
developing countries, resulting in major changes to the economic geography of the world and
a downward adjustment to global inequality. Not only widely used in inequality and poverty
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measurement research, the ICP and NAs data (which are also main sources of the data for the
PWT) are commonly used in the literature of economic growth. Ciccone and Jarocinski (2010)
looked at factors inhibiting and facilitating economic growth and concluded that margins of
error in international income estimates were too large for agnostic growth empirics.
Since MEs of the ICP and NAs are inevitable and can greatly a ect results of research
that use their data, they should be accounted for in the extrapolation of PPPs, so that PPP
users could have an idea of the uncertainty levels or the standard errors of the PPP estimates.
At least, PPP users should be informed of the relative uncertainties associated with the PPP
point estimates of di erent countries, for example, the ICP PPPs estimated for China should
be treated with much higher uncertainty than those for the OECD countries. These are the
reasons why in the next subsection, we look into sources of MEs, especially the sources for
ME variations across countries that could provide the theoretical background for our proposed
method for accounting for MEs in ICP and NAs - the sources of data that are used for PPP
extrapolations.
3.2.2 The sources of measurement errors and their variations
Measurement errors (MEs) for the ICP PPP benchmark data and NAs data are well acknowl-
edged for in the literature. In order to account for them in the PPP extrapolation process,
we need to study two issues. The first is what are the most important sources of the MEs in
each of the two data sources, and the second is what are the sources of MEs variation across
countries.
For the ICP, we can identify three main possible sources of MEs, they are price surveys
design, choices of aggregation and linking methods, and the quality of national account data
supplied from di erent countries.
For the design of the price surveys the key issue is the choice of the basket of goods. Inklaar
and Rao (2014) and Deaton and Aten (2014) use di erent methods but both found a strong
ring product selection bias in ICP 2005. The list included items like Uncle Toby oats; a bottle
of Heineken beer, Bordeaux wine; and a Peugeot 408, which were representative of rich-country
consumption patterns. Based on their conclusions, the ring product prices may have overstated
price levels in the low-income ring countries in Western Asia, Africa and the Asia-Pacific by
between 20 to 30 percent (Deaton and Aten, 2014), or 6.6 to 15.6 percent (Inklaar and Rao,
2014). Then, there can be the price bias due to the failure to cover both urban and rural areas
in pricing for big countries like China, which significantly contributed to the dramatic shrinkage
of the China economy according to ICP 2005 compared to the figures from the previous ICP
round (Feenstra et al., 2013). Another source of great measurement problem in price surveys
is in the “comparison-resistant” services. For example, for government consumption, spending
on a number of areas including public administration, health and education, market prices
cannot be observed. So ICP compares government consumption by comparing input prices,
specifically wages and salaries. As relative productivity di erences are not taken into account,
poor countries would have their relative output prices underestimated and real expenditure
CHAPTER 3. MEASUREMENT ERRORS IN PPP EXTRAPOLATIONS. 39
overestimated under this category (Inklaar and Rao, 2014).
The aggregation and linking methods are also responsible for MEs in ICP benchmark com-
putations. There are many di erent but reasonable aggregation formulas. Which of these is
most appropriate depends on the purposes of the resulting data. For instance, the GK aggre-
gation method is suitable when the analysis is dominated by relatively similar rich countries.
However, when such analyses involve poor countries in a substantial way, the IDB method is
worth serious consideration (Deaton and Heston, 2010). With the 2005 and 2011 benchmarks
ICP became truly global exercises involving 146 and 199 countries, respectively, from around
the globe, a regional approach was adopted. PPPs were computed regionally before they were
linked together to form global PPPs. The linking methods in ICP 2005 were found to have
overstated the 2005 PPPs for consumption for countries in Asia (excluding Japan), Western
Asia, and Africa by between 18 to 26 percent relative to the U.S. (Deaton and Aten, 2014).
The last source of ICP MEs is the quality of the NAs data from di erent countries. NAs
provide both expenditure weights for the ICP PPP benchmark computation as well as the price
deflators to be used in PPP extrapolation to non-benchmark years. However, NAs data are
themselves subject to MEs. So what are the sources of MEs in NAs data? The first source is
also the methods of price surveys and price indices used. The second are the inaccurate and
outdated expenditure weights, which is mainly the problem of lower-income countries due to
lack of resources. More severe di culties come when there are political interferences and data
distortions on purpose (Heston and Summers (1996), Diewert (2010), Deaton and Aten (2014)).
While accounting for all these sources of MEs in PPP extrapolation for every country
would be ideal, it is very di cult to implement in terms of both data and methods. We aim at
developing a specification that can make the problem more tractable for modelling. To this end
we concentrate on the variability in the MEs across countries, and on how we can best capture
which countries have larger MEs. It is generally accepted that in both NAs and ICP the MEs
have a negative relationships with the level of development of a country. Novak (1975) and Rao
et al. (2010b) have made this argument in relation to the NAs with a claim that their reliability
is linked to the adequacy of data sources and estimating methods. This is a reasonable argument
regarding the NAs as richer and more developed countries have more resources to devote to
the measurement process, thus can reduce errors more than poor countries. ICP data for more
developed countries are also more reliable than those for developing countries. Summers and
Heston (1984) made this claim when comparing African and non-African countries. Though
globally organized and using a standardized methodology, the ICP price data for each country
have to be collected locally, which involves local sta  and facilities.
How to measure the level of development of each country is then of importance. Income
per capita is often used to proxy the level of development of a country (World Bank, 2004).
Thus, two di erent ways of defining the levels of development are possible in this case. The
first is to use a continuous measure, in that each country’s level of development is computed
directly proportional to its per capita income. A more parsimonious approach is to assign each
country to a certain level of development if their income per person lies within a certain range.
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By the second definition, countries can have the same level of development even when they
have di erent income per capita, as long as those are within the same thresholds. These two
approaches are considered in the specification in Section 3.3.1.
With ICP data, there is another possible source of measurement error variation linked to
the methodology used whereby surveys are carried out in ICP regions. Since 1970 the ICP has
carried out eight rounds of price collection and PPPs computation. These have occurred for
the years: 1970, 1973, 1975, 1980, 1985, 1993, 2005, 2011. Before 1980, each round covered less
than 35 countries and so the ICP exercises were carried out as research projects. From 1980, as
the number of countries increases significantly, with countries from di erent parts of the world,
the ICP adopted a regional approach. However, this approach was e ectively implemented in
the last two rounds (2005 and 2011) when ICP is truly a global exercise. With this approach,
price surveys and aggregations were done in di erent regions before results are linked together
to create the global cross-section PPPs. As a result, there is a chance that measurement errors
might be more similar within the same region of price collection and aggregation than to those
in other ICP regions. This possibility will also be considered in Section 3.3.1.
In conclusion, there is consensus that MEs in the NAs are likely related to a country’s
development level while, with the ICP MEs, both development level and the ICP regions could
explain the variation across countries.
3.3 Methodology
This section proposes a number of alternative specifications to the RRD econometric model
design, in order to evaluate the robustness of the extrapolated PPPs and their standard errors
to alternative modelling of MEs in ICP and NAs data sources. The first sub-section will review
some technical aspects about covariance matrices, their role in an econometric model, and how
we can use them to account for these sources of MEs in ICP and NAs data. The second sub-
section provides our proposed alternative covariance specifications for the MEs from ICP and
NAs. This is followed by a sub-section that details the methods for empirical analysis and the
last subsection describes the measures that will be used to compare empirical results among
the di erent alternatives.
3.3.1 Covariance Matrices
In probability theory and statistics, a covariance matrix (also known as dispersion matrix or
variance–covariance matrix) is a matrix whose element in the i, j position is the covariance
between the ith and jth elements of a random vector (that is, of a vector of random variables).
Each element of the vector is a scalar random variable, either with a finite number of observed
empirical values or with a finite or infinite number of potential values specified by a theoretical
joint probability distribution of all the random variables. Every covariance matrix is symmetric.
In addition, every covariance matrix is positive semi-definite.
In econometric models, the error term of the model are (vectors of) random variables and so
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the covariance matrix refers to the variance-covariance matrix of the error vector of the model
and it can come in di erent forms from very simple to very complicated, depending on the
assumptions that we make on the error terms. Let’s look at a simple example to clarify the
meaning of covariance matrix in a simple linear regression model
yi = —0+—1xi+ ‘i (3.2)
For i= 1,2,3.
In expanded form: SWWWU
y1
y2
y3
TXXXV= —0
SWWWU
1
1
1
TXXXV+—1
SWWWU
x1
x2
x3
TXXXV+
SWWWU
‘1
‘2
‘3
TXXXV (3.3)
The covariance matrix of ‘:
Cov(‘) =
SWWWU
V ar(‘1) Cov(‘1,‘2) Cov(‘1,‘3)
Cov(‘2,‘1) V ar(‘2) Cov(‘2,‘3)
Cov(‘3,‘1) Cov(‘3,‘2) V ar(‘3)
TXXXV (3.4)
The diagonal elements of the matrix are the variances of each of the element of the error
vector, ‘ in this case, while the o -diagonal elements are the covariance between a pair of
elements. Depending on the assumption made about the error term, the covariance matrix
can have di erent specific forms. The simplest form is an identity matrix up to constant
of proportionality. This is a homoskedastic covariance matrix. Under this assumption, the
covariances are all zeros, and the variances are all equal to ‡2:
Cov(‘) = ‡2
SWWWU
1 0 0
0 1 0
0 0 1
TXXXV=
SWWWU
‡2 0 0
0 ‡2 0
0 0 ‡2
TXXXV (3.5)
This is a simple assumption, however, hardly realistic in cases when the modelling involves
highly heterogeneous cross-sections as it is the case of countries with varying sizes economies
and levels of development. A more realistic assumption for the error term is the heteroskedastic
assumption where covariances are all zeros but the error elements are allowed di erent variances:
Cov(‘) =
SWWWU
‡21 0 0
0 ‡22 0
0 0 ‡23
TXXXV (3.6)
The existence of di erent variances, or heteroskedasticity, is often encountered when using
cross-sectional data (data on a number of economic units at a given point in time). For example,
if yi represents weekly food expenditure and xi represents weekly household income for the ith
household then, the higher is the income, there is more uncertainty associated with the amount
of food expenditure (Hill et al., 2001).
Finally when covariances are also allowed to be nonzero, the o -diagonal elements would be
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capturing some form of correlation within the elements of the random vector ‘:
Cov(‘) =
SWWWU
‡21 ‡12 ‡13
‡21 ‡22 ‡23
‡31 ‡32 ‡23
TXXXV (3.7)
Non-zero covariances can arise in the cases of spatial or time correlation. The first is when
cross-sections are dependent within a given time period, while the second is when a cross-section
is dependent on its past values.
Covariance matrices can become very large in size depending on the size of ‘ and can cause
computational di culties especially when repeated matrix inversion is involved in the estima-
tion process. Therefore, specifying the structure of the covariance matrix needs to consider
both analytical tractability and computational feasibility.
3.3.2 Alternative covariance structures proposed in this study
The RRD method described in subsection (2.4.3) is the only existing PPP extrapolation method
that incorporates information about the measurement errors (MEs) of the ICP and NAs data
sources and reflect them in the standard errors of estimated PPPs. The alternative specifications
of the covariance structures proposed below will result in a modified RRD model specification.
These alternative specifications will specifically change the definition of the elements, ‡2it, in
the variance-covariance matrices, Vt≠ICP and Vt≠NA. However, both matrices have a specific
form as shown in equation (2.43), Section 2.4.3, which is necessary to maintain the invariance
of the extrapolated PPPs to a change in the reference country.
3.3.2.1 MEs from ICP
The ICP provides benchmark PPPs for the PPP extrapolation process. To allow for MEs in
ICP data we assume that the logarithm of the observed benchmark PPP for GDP for country
i is the sum of the logarithm of the true unobserved PPP and an error term:
p˜it = pit+ ›it (3.8)
where, pit = ln(PPPit) is the log of the true benchmark PPP of country i in year t; p˜it is the
log of the observed benchmark PPP of country i in year t; and ›it is the MEs specific to ICP
benchmark PPP for country i in year t. As PPP is measured relative to the reference country
1, p˜1t = p1t = 0.
The assumptions put forward for MEs from ICP are as follow:
• E(›it) = 0
• E(›2it) = ‡2›vit≠ICP for i ”= 1
• E(›it›is) = 0 for s ”= t
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• E(›21t) = 0
– where ‡2› is a constant of proportionality and vit≠ICP is the variance of the ME in
the ICP for country i at time t.
• vit≠ICP varies by countries’ levels of development and ICP regions.
The variance-covariance matrix of MEs in ICP benchmark PPP data for year t for all the
countries is denoted Vt≠ICP .
3.3.2.2 MEs from national accounts
The NAs from di erent countries provide price deflators for PPP extrapolation to non-benchmark
years and are assumed to be subjected to MEs. To be more specific, the logarithm of PPP for
GDP of a current year (pit) is given by the logarithm of PPP for GDP of the previous year
(pi,t≠1) plus the growth rates of PPPs between the two years (cit) and an error term (÷it) for
all non-reference countries:
pit = pi,t≠1+ cit+÷it (3.9)
cit = ln
GDPDefi,[t≠1,t]
GDPDef1,[t≠1,t]
(3.10)
with GDPDefi,[t≠1,t] denotes the GDP deflator of country i between period t and t≠ 1.
Country 1 is the reference country.
The assumptions put forward for MEs in NAs are as follow:
• E(÷it) = 0
• E(÷2it) = ‡2÷vit≠NA for i ”= 1
• E(÷21t) = 0
• E(÷it÷is) = 0 for s ”= t
– where ‡2÷ is a constant of proportionality and vit≠NA is the variance of the ME in
the NA data used to compute ln(PPPit) growth rates for country i at time t.
• vit≠NA varies by countries’ levels of development.
The variance-covariance matrix of MEs in ICP benchmark PPP data for year t for all the
countries is denoted Vt≠ICP .
In order to do an empirical test of the consistency of the estimates when there are changes in
the covariance structure and observe the sensitivity of the estimates and the standard errors, a
number of specification alternatives for Vt≠ICP and Vt≠SNA are used. These alternatives range
from simple to complicated mathematically, while incorporating the theoretical background
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derived from the discussion presented in Section 3.2.2. Specifically, we propose combinations
of covariance specifications where Vt≠NA are either income heteroskedastic (development level
variation) while Vt≠ICP is either income heteroskedastic or ICP-region heteroskedastic.
Within the income heteroskedastic, the assumption of fully heteroskedastic (each country’s
variance is di erent) was used in the RRD method. Here we propose a more parsimonious
specification where the variances of the MEs are group heteroskedastic using the World Bank
income-group classification. That is countries belonging to the same World Bank income-groups
(low income, lower middle income, upper middle income and high income) will have the same
ME variance while those from di erent groups will have di erent ME variances.
The original RRD specification is such that both covariances are specified as fully het-
eroskedastic. For this analysis, two types of covariance specifications will be considered for the
group heteroskedastic assumption for Vt≠ICP . The first is ICP region group heteroskedasticity
only applied to t = benchmark year 2005 and 2011 when ICP has become a truly global ex-
ercise, while for t = benchmark year ”= 2005,2001 a fully heteroskedastic specification is used
(ICP-region0511). The second is when the ICP region group heteroskedasticity is used for t=
all benchmark years (ICP-region).
For completeness and as a form of control, the unrealistic assumption of homoskedasticity is
also included for both Vt≠ICP and Vt≠NA. We also look at all specifications when both Vt≠ICP
and Vt≠NA are identically specified. All of these make up 13 di erent combinations shown in
Table 3.1:
Table 3.1: Combination of covariance specifications
Vt≠ICP\
Vt≠SNA
homoskedastic WB income-
group
het-
eroscedastic
ICP-
region0511
het-
eroscedastic
ICP-region
het-
eroscedastic
fully het-
eroscedastic
homoskedastic homo2 homo-inc homo-full
income-group
heteroscedastic
inc2 inc-full
ICP-region0511
heteroscedastic
reg0511-inc reg0511-2 reg0511-full
ICP-region
heteroscedastic
reg-inc reg2 reg-full
fully
heteroscedastic
full-inc UQICD
(full-full)
The assumption that both Vt≠ICP and Vt≠SNA are fully heteroskedastic is currently used
by the RRD method for the extrapolated PPPs available through UQICD (Rao and Ram-
badi, 2015). The next subsection details the definition and implementation of these proposed
specifications in the empirical analysis.
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3.3.3 Empirical implementation
The current UQICD PPPs use a fully heteroskedastic ME for both Vit≠ICP and Vit≠SNA. These
are implemented by measuring ‡2it as the inverse of income per capita expressed in exchange
rates converted U.S. dollars .
where, ‡2it = 1GDPPC≠inUSD(XR) of country i at year t.
The next subsection provides the measurements proposed for the covariance structures
shown in Table 3.1 (other than the UQICD).
3.3.3.1 Homogenous (Homoskedastic)
The homogenous specification is an unrealistic assumption but is included for analysis purpose.
It is mathematically the simplest assumption among the four di erent specifications. Under
the homogenous case, all countries have the same ICP ME for each year t, so the covariance
matrix becomes :
Vt≠homo =
SU 0 0
0 jjÕ+ IN≠1
TV
where j is a vector of 1s, IN≠1 is an identity matrix of size N≠1, and N is the total number
of countries in the sample.
3.3.3.2 Income-group heteroskedastic
The income-group heteroskedastic assumption is proposed as the level of development of a
country can either be country specific (fully-heterogenous), or one can assume the level of
development is the same for some groups of countries. It is reasonable to use the classification
already available from the World Bank, which, for every year from 1987, separates the countries
all around the world into four groups, based on their income: low-income, lower-middle-income,
upper-middle-income and high-income.
The groups assignment for each country i are denoted ji = {1,2,3,4}.
• Vt≠income =
SU 0 0
0 ‡21j1tjj
Õ+diag(‡22j2t, ...,‡
2
NjN t
)
TV
where, ‡2ijit is the variance of country i in group ji at time t.
‡2ijit = vjt if country i is in group j
vjt = 1meanGDPPC of group j in year t.
Since the period of estimation started from 1970, for the years up to 1987, the grouping for
1987 are used. For some countries, whose data are not available until even later than 1987, we
make use of the earliest grouping for all the missing years.
In terms of mathematical specification, the income-group heteroskedastic case is more com-
plicated than the homoskedastic but much simpler than the full heteroskedastic case since the
elements in the diagonal sub-matrix can only take one of the four values, for each income group.
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3.3.3.3 ICP-region heteroskedastic
The ICP-region heteroskedastic is designed specifically for Vt≠ICP . It is to capture the fact that
measurement errors in the ICP might di er across ICP regions but are the same within one
region. The ICP has implemented the regional approach since 1980 but the comparison exercise
only fully became global in 2005. Therefore, only the 2005 and 2011 round of ICP have careful
documentation of the methodology and grouping. For 2005, countries are grouped into six
groups (Africa, Asia and the Pacific, Commonwealth of Independent States, Eurostat-OECD,
Latin America, Western Asia) and in 2011 into eight groups (with Caribbean and Singletons,
added) (World Bank, 2015a).
For the purpose of empirical analysis, we have chosen to use the grouping of 2011, as that of
the ICP 2005 is nested. We use ICP-region heteroskedastic covariance in two ways: (i) for 2005
and 2011 only, the other years are kept fully heteroskedastic as in the original RRD method;
(ii) for all ICP benchmark years.
• For ki = 1,2, ...8 (ICP groups), for the years when the regional e ect are used
Vt≠region =
SU 0 0
0 ‡21k1tjj
Õ+diag(‡22k2t, ...,‡
2
NkN t
)
TV
where ‡2ikit = vkt if country i is in group k
vkt = 1mean≠GDPPC≠USD(XR) of group k in year t
Egypt, Russian Federation, and Sudan belong to two di erent ICP groups so they were assigned
to the group with the smaller number of countries in the pair to produce more even grouping.
For countries, which are not covered by the ICP, group assignment is defined on geographical
basis.
Econometrically, the ICP-region assumption is more complicated than the income-group
scenario since it has eight groups in the diagonal sub-matrix of the covariance matrix; however,
it is still simpler than the fully heteroskedastic case.
The RRD estimation approach is based on a consistent estimator of the PPPs. The esti-
mated standard errors depend on the assumptions about the form of the measurement errors
variance-covariances. In small samples, alternative forms of the variance-covariance structure
might cause (potentially) large changes to the computed standard errors but in principle they
are not expected to greatly a ect the estimated PPPs.
3.3.4 The measures used for evaluation and comparison
Once the estimations is completed using various variances definitions, we need measures to
evaluate the consistency of the estimates, and compare the point estimates and standard errors
across specifications. In the equations below, N denotes the number of countries in the sample,‰PPPit stands for the estimated PPPs for country i at time t; PPPit≠ICP are ICP observations
of PPPs country i at time t; gdpdeftsi denotes the gdp deflator between time t and time s for
country i.
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To compare the estimates and evaluate the consistency of the estimates of the PPPs we
use the mean percentage absolute deviation (MPAD) of the estimates from the ICP for (i) all
benchmark observations, and (ii) for 2005 and 2011. We also use the MPAD of the growth
rates of the estimates from the national account data for (i) all estimates available and (ii) for
2005 and 2011. The reason is because 2005 and 2011 are the only two years when ICP data
are available for the majority of countries in our dataset and the comparison against both ICP
and NA will enable comparison both spatially and over time. MPAD are used to avoid units
in the comparison.
The specific forms of the measures are as follows:
• MPAD from ICP: the mean percentage absolute deviation of our PPP estimates to the
ICP data for all the benchmark years or for the year 2005 and 2011 combined.
MPAD-ICP = 1·
q·
t=1
5
1
N
qN
i=1
| ‰PPPit≠PPPit≠ICP |
PPPit≠ICP
6
◊ 100; where · represents: A) all ICP
benchmark years; B) 2005, 2011; or C) an average over both 2005 and 2011.
• MPAD from NA: the mean percentage absolute deviation of the growth rates based on
PPP estimates and national account PPP growth rates in prices between year t and 2005:
MPAD-NA= 1T
qT
t=1
5
1
N
qN
i=1
| ‰PPPti/ ‰PPP2005i≠gdpdeft,2005i/gdpdeft,2005US |
gdpdeft,2005i/gdpdeft,2005US
6
◊100; where T rep-
resents all years from 1971 to 2012.
To compare the standard errors, we compute an average of the Standard Errors of the Price
Level (PL = ‰PPPitERit ), where ERit is the market exchange rate of country i at time t. The
measures are computed for (i) all countries and years and (ii) 2005 and 2011 only.
• Mean PL SE: the average SE of price level
M_PL(SE) = 1·
q·
t=1
Ë
1
N
qN
i=1(SEi/ERi)
È
; where · represents: A) all years (T ); B) 2005,
2011; or C) an average over both 2005 and 2011.
To see the di erence from new results with those from the original RRD assumptions we use
MPAD to compute the magnitude of di erences from the new specifications to those of the
UQICD for both point estimates and standard errors:
• MPAD from UQICD: is the mean percentage absolute deviation of the new estimates from
the original estimates with fully heterogenous variances for both NAs and ICP MEs:
MPAD-UQICD = 1·
q·
t=1
5
1
N
qN
i=1
|PPPi≠PPPi≠UQICD|
PPPi≠ICP
6
◊100 ; where · represents: A) all
years (T ); B) 2005, 2011; or C) an average over both 2005 and 2011.
• MPAD of SE from UQICD: the mean percentage absolute deviation of the standard error
of alternative PPP estimates to the original standard error estimates from UQICD for
both NAs and ICP MEs:
MPAD-UQICD-SE = 1·
q·
t=1
5
1
N
qN
i=1
|SEi≠SEi≠UQICD|
SEi≠UQICD
6
◊100; where · represents: A) all
years (T ); B) 2005, 2011; or C) an average over both 2005 and 2011.
Other things being equal, the series with the smaller MPAD and M_PL(SE) are preferred. The
next section will provide a summary of results and a discussion of the empirical findings.
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3.4 Empirical Results and Analysis
The estimator used by RRD is statistically optimum in the sense that it is the minimum mean
square estimator (or minimum linear mean square estimator if normality is not assumed, see
Harvey (1989)). Therefore, it is a consistent estimator of the expected value of the state (which
is the vector of true PPPs). If the measurement errors were assumed to be from a distribution
with a common variances across countries (i.e. homoscedastic), and this assumption were not
to hold, the estimated variance of the PPPs, and thus the computed standard errors, would
be incorrect. As the RRD method uses a consistent estimator, the estimated PPPs should not
be a ected by the choice of variance models although in finite samples small di erences can
be expected. The main di erences will be in the estimated standard errors. If the distribution
of the measurement errors is heteroscedastic, an assumption about its form must be made as
in any other case where heteroscedasticity is present in an econometric modeling context. The
objective is to explore specifications of the MEs variances in the RRD method by incorporating
information about the relative variances of the MEs from the ICP and NA that RRD did not
take into account in their original specification.
The a priori expectation from the analysis is that the estimates of PPPs will not change
significantly by changing the specification of the variance-covariance structure. However, the
standard errors are expected to di er under homo- and heteroscedastic specifications given
the former is unlikely to hold, and some models of heteroscedasticity might reflect more ac-
curately the distribution of MEs. Intuitively, this is similar to a case where a regression with
heteroscedastic errors has to be estimated. In the current setting, and based on the review of
the literature, our expectation is that the most appropriate model for the distribution of mea-
surement errors in the NAs is one that varies along a relative scale of development (as a proxy
statistical o ces resources); although whether that is a fully continuous or a more discrete scale
is more of an empirical question. For the distribution of the ICP measurement errors, both
development level and ICP regions could play a role, and thus all cases are evaluated in the
analysis. The measures outlined in Section 3.3.4 were coded in MATLAB, version R2013a. We
present summary results in the form of tables and then give the example of a few individual
countries to illustrate the findings.
The results for alternative assumptions of covariances are all estimated using the same set
of data currently used by the UQICD, and all produces panels of complete current price PPPs
and standard errors for 181 countries and 42 years (from 1971 to 2012). They are presented
below in three subsections based on the part of results used to compute measures of evaluation
and comparison. The first using estimated results from all 42 available years, the second use
results for 2005 and 2011 only and the last is a comparison of the new results against the
original UQICD point estimates and standard errors for all 43 years. For the first two sections,
we compare the new results with ICP PPP data and derive estimates of the growth rates to
compare against the observed growth rates from NAs (refer to Table 3.1 for definitions). An
absolute measure to show which covariance structure produces the smallest standard errors for
price level on average is also presented. The last subsection uses the MPAD from the UQICD
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estimates and standard errors for each new set of results, and graphs for selected countries
are used for illustration. The results are obtained given the availability of data and the given
quality of data, which can be low for developing countries.
The original code for the RRD method was written by Dr. Rambaldi in GAUSS. For the
purpose of this PhD research, all the code are re-written in MATLAB and are extended and
modified for the implementation of the proposed methodology in this chapter and Chapter 4
and 5.
3.4.1 Results using all available years of results
Table 3.2 summarizes the results obtained for each of the combinations when all available years
are used. Firstly, estimates often have larger standard errors and di er more from the ICP data
when the variance-covariance that captures ICP MEs is set to be homoscedastic and the NA
measurement error covariance matrices are assumed to change according to ICP regions. This is
as predicted since those assumptions are unrealistic. Secondly, there is high consistency in the
point estimates regardless of the variance specification used. The MPAD of PPP estimates from
ICP data are mostly less than 4%. The exceptions are when the unrealistic homoskedasticity
assumptions for ICP data measurement error, and/or ICP-region specifications are used for
the measurement errors in the NA growth rates. Even in that case, the estimates are less
than 13% di erent from the ICP PPP. As predicted by theory, though the point estimates
do not change very much with the variance specifications, the mean standard deviation of
price levels varies from 6 to 48%, which is an eight times di erence. Thirdly, when comparing
the estimates against the GDP deflators from National Accounts, the MPAD-NA vary across
variance definitions, ranging from 17% to over 35%. This variation over time of the estimates
is much smaller than the over-space variation and is less sensitive than the MPAD from ICP
to the di erent specification of the covariances.
In comparing the results across the 13 di erent combinations of assumptions for the variance
specifications of MEs in ICP and NA data, the preferred combination is that with smaller MPAD
from ICP, MPAD from growth rates in NA and smaller MSE-Pl. The results are collected and
ordered in Table 3.2 so as to aid the discussion. Thus, the results for the same ME covariance
for ICP and NAs are grouped. By comparing across these results we should be able to observe
how sensitive the point estimates and standard errors are to the choices of variances. In all
five sub-panels of the Table, the lowest MAPD is in boldface and blue and the second lowest
MAPD is in boldface and magenta.
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Table 3.2: Measures Computed for all Available years
MPAD-ICPa MPAD-NAb M_PL(SE)
ICP and NAs Measurement Error Covariances are Identically Specified
homo2 10.971 35.737 0.209
reg2 10.501 33.651 0.027
inc2 2.711 22.849 0.040
reg0511-2 4.265 31.447 0.030
UQICD (full2) 2.184 20.891 0.060
NAs Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 13.985 23.380 0.056
reg0511_full 2.937 23.634 0.040
reg_full 2.379 23.606 0.040
inc_full 3.364 22.912 0.040
NAs Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 12.288 23.133 0.058
reg0511_inc 1.663 23.296 0.041
reg_inc 2.422 19.409 0.082
full_inc 3.267 17.812 0.067
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NA Measurement Errors Covariance Changes
reg0511_inc 1.663 23.296 0.041
reg0511_full 2.937 23.634 0.040
ICP Measurement Error Covariance is by ICP Region for all years
NA Measurement Errors Covariance Changes
reg_inc 2.422 19.409 0.082
reg_full 2.379 23.606 0.040
aComputed for all years where an ICP benchmark has been
conducted (including OECD only comparisons such as 2008) - 680 observations
bComputed for all years from 1971-2012.
For the 159 countries in the sample that existed over the 42 years (6678 observations)1.
When both MEs (in NAs and the ICP data) are assumed to have the same covariance
form (top panel of Table 3.2), the lowest MAPD with the least variation from ICP figures
and growth rates from NAs are those from full2 (current UQICD) and inc2 (income-group
heteroscedastic), which are only 2.2 and 2.7% di erent respectively. Between these two, the
income-group heteroscedastic assumption produces the smaller average standard errors (0.04
compared to 0.06 from UQICD - SE in price level). The smallest mean standard errors between
these two specifications are those from the inc2 case. These results are much better than the
unrealistic homoscedastic assumption with near 11% deviation from ICP data and MSE-Pl
nine times larger than the smallest MSE-Pl among the four combinations. Combining both the
MPAD over space and time for aggregate deviations from ICP and NAs growth rates, the best
performing case is inc2 as although the MPAD are not the lowest, they are only marginally
higher than those for full2, but with smaller standard errors.
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In the second set of results, the variance matrix for PPPs’ growth rates are kept the same
and equal to full. The lowest MAPD from ICP is the reg-full combination. This is when the
variances of the MEs for the ICP are assumed to be equal for all countries within an ICP
region while di erent across ICP regions, and this specification is used for all eight benchmark
years. The second lowest is reg0511-full. In this case the variances of the MEs for the ICP are
assumed to be ICP-group heteroscedastic only for the 2005 and 2011 benchmark years data
and otherwise the specification is full. The smallest MAPD from growth rates is the inc-full
case. The variances of the MEs in ICP PPPs are equal within a World Bank income group and
di erent across groups, the second smallest are the homo-full case, although this case has the
largest standard errors within this set of results. None of the specifications in this set would
appear to dominate.
When NAs MEs are assumed income-group heteroscedastic (third panel), the series with
the lowest MAPD from the ICP is reg0511-inc. This is the lowest MAPD of all the sets. The
second lowest MAPD is the reg-inc. The lowest MAPD from NAs growth rates is full-inc and
the second lowest is reg-inc. The lowest MAPD from NAs growth rates is full-inc and the
second lowest is reg-inc. Thus the reg-inc is the second lowest on both accounts. However,
standard errors are the largest in this case.
The fourth panel shows the combinations where the variances of MEs are based on ICP
regions for 2005 and 2011 and that for the growth rates vary. The lowest MAPD on both
criteria is the reg0501-inc. The fifth panel shows the combinations for the case when the
variances of MEs are ICP regions for all benchmark years. From these two cases, there is no
clear better performer.
To sum up, the best combination (taking into account all measures) would appear to be the
reg0511-inc. This is the case when the variances vary by ICP region only for the benchmark
years 2005 and 2011, and group income heteroscedasticity is assumed for the variance of NAs
measurement errors. This combination produces the closest point estimates to those from
the ICP, the third smallest MPAD for NAs; however, the di erence with the second smallest is
0.4%. Finally the MSE-Pl (mean squared error of price levels) is 0.041 while the lowest amongst
other low MPAD cases is 0.04. The results suggest that ICP region e ect does play a role in
explaining the variation of the MEs in ICP data for the two global exercises, 2005 and 2011.
3.4.2 Results using 2005 and 2011 estimations
Table 3.3 provides the measures for the year 2005; Table 3.4 provides the measures for the year
2011, and Table 3.5 provides the measures for the average over 2005 and 2011. We first note
that the 2011 results of MPAD are consistently smaller than those of 2005, regardless of the
choice of covariance structure. The mean PL(SE) are however lower in 2005. When the results
based on the average of 2005 and 2011, the best combination is reg0511_inc which has both
smallest MPAD from ICP and smallest M_PL(SE). Compared to the values computed using all
years since the 1970 ICP, the results for the benchmark year 2005 have the highest MPAD from
ICP and M_PL(SE), while 2011 has lower figures for both. This might be due to the quality
CHAPTER 3. MEASUREMENT ERRORS IN PPP EXTRAPOLATIONS. 52
of ICP data for 2011 which is considered to be better than that from 2005 ICP with a better
linking approach used (Inklaar and Rao, 2014). When the combinations with theoretically
unreasonable assumptions are removed, results for both years also show small variation in the
MPAD from the ICP observations (between 1.2% and 3.5%).
The empirical results are consistent with expectations on the consistency of the PPP esti-
mates and the inconsistency of standard errors estimates under homoskedasticity.
Table 3.3: Measures Computed for 2005
MPAD-ICP M_PL(SE)
ICP and NAs Measurement Error Covariances are Identically Specified
homo2 13.966 0.340
reg2 11.206 0.061
inc2 3.538 0.027
reg0511-2 4.469 0.045
uqicd (full2) 2.517 0.034
NAs Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 16.908 0.042
reg0511_full 2.949 0.023
reg_full 3.268 0.024
inc_full 4.502 0.027
NAs Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 15.223 0.045
reg0511_inc 1.559 0.022
reg_inc 3.141 0.042
full_inc 4.001 0.041
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NA Measurement Errors Covariance Changes
reg0511_inc 1.559 0.022
reg0511_full 2.949 0.023
ICP Measurement Error Covariance is by ICP Region for all years
NAs Measurement Errors Covariance Changes
reg_inc 3.141 0.042
reg_full 3.268 0.024
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Table 3.4: Measures Computed for 2011
MPAD-ICP M_PL(SE)
ICP and NA Measurement Error Covariances are Identically Specified
homo2 10.181 0.709
reg2 10.010 0.084
inc2 2.117 0.021
reg0511-2 3.979 0.061
uqicd (full2) 2.203 0.026
NA Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 10.068 0.054
reg0511_full 2.160 0.020
reg_full 2.404 0.021
inc_full 2.693 0.022
NA Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 9.488 0.058
reg0511_inc 1.057 0.015
reg_inc 2.830 0.034
full_inc 2.594 0.036
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NA Measurement Errors Covariance Changes
reg0511_inc 1.057 0.015
reg0511_full 2.160 0.020
ICP Measurement Error Covariance is by ICP Region for all years
NA Measurement Errors Covariance Changes
reg_inc 2.830 0.034
reg_full 2.404 0.021
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Table 3.5: Measures are computed for the average of 2005 and 2011
MPAD-ICP M_PL(SE)
ICP and NA Measurement Error Covariances are Identically Specified
homo2 11.817 0.524
reg2 10.526 0.072
inc2 2.731 0.024
reg0511-2 4.191 0.053
uqicd (full2) 2.338 0.030
NA Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 13.024 0.048
reg0511_full 2.501 0.022
reg_full 2.778 0.022
inc_full 3.475 0.024
NA Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 11.967 0.051
reg0511_inc 1.274 0.019
reg_inc 2.965 0.038
full_inc 3.202 0.039
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NA Measurement Errors Covariance Changes
reg0511_inc 1.274 0.019
reg0511_full 2.501 0.022
ICP Measurement Error Covariance is by ICP Region for all years
NA Measurement Errors Covariance Changes
reg_inc 2.965 0.038
reg_full 2.778 0.022
Combining the comparison over over both space and time, the assumption of group het-
eroscedasticity following ICP regions in 2005 and 2011 for the ICP ME variances, and the
income-group heteroscedastic assumption for the NAs ME variances (reg0511-inc) are not only
theoretically reasonable but also produce the result with smallest MPAD from ICP and national
growth data as well as smallest standard errors of the estimates. This combination is also bet-
ter than the current assumption from UQICD (full-full) where both covariances are assumed
to be fully heteroscedastic, in terms of MPAD and MSE. These suggest that the estimated
standard errors are smaller when using group heteroscedasticity, which recognises the role of
the ICP regions, and the capacity to devote resources to NAs measurement by countries at dif-
ferent levels of development as defined by the World Bank (low-income, lower-middle-income,
upper-middle-income and high-income).
3.4.3 Comparison with UQICD
In this subsection the measures are computed as deviations from the UQICD. The results are
presented in Tables 3.6, 3.7, 3.8 and 3.9 for complete sample, year 2005, year 2011 and average of
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2005 and 2011, respectively. Using all years in the data and unrealistic covariance specifications
(e.g. homoskedasticity or ICP regional groups for NAs data) the MPAD for the point estimates
from those of the UQICD are over 10% while with other assumptions, the figures are at around
2%. The MPAD of SE varies much more widely than the point estimates, with figures ranging
from 25% to 558% and the standard errors being significantly wider for the homoscedastic case.
Again there is strong empirical support for the consistency of the estimator used by the RRD
method to obtain time series of PPPs for countries. Using group heteroscedastic covariance
matrices to capture the MEs provides the closest results on point estimates as well as the
smallest variation in standard errors for all cases analyzed.
Table 3.6: Measures Computed for all Available Years
MPAD-UQICD MPAD-UQICD-SE
ICP and NAs Measurement Error Covariances are Identically Specified
homo2 10.604 558.480
reg2 9.845 83.149
inc2 1.324 27.426
reg0511-2 3.862 69.786
uqicd (full2) 0.000 0.000
NAs Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 12.927 50.551
reg0511_full 1.718 26.131
reg_full 1.874 28.043
inc_full 1.997 25.126
NAs Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 11.115 52.545
reg0511_inc 1.190 27.643
reg_inc 1.922 43.453
full_inc 1.798 25.681
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NAs Measurement Errors Covariance Changes
reg0511_inc 1.190 27.643
reg0511_full 1.718 26.131
ICP Measurement Error Covariance is by ICP Region for all years
NAs Measurement Errors Covariance Changes
reg_inc 1.922 43.453
reg_full 1.874 28.043
The same pattern of results is observed even if only data for 2005, 2011 or the average of
2005 and 2011 is used.
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Table 3.7: Measures Computed for 2005
MPAD-UQICD MPAD-UQICD-SE
ICP and NAs Measurement Error Covariances are Identically Specified
homo2 12.270 1679.493
reg2 10.445 220.429
inc2 1.737 18.388
reg0511-2 3.897 141.680
uqicd (full2) 0.000 0.000
NAs Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 15.307 96.002
reg0511_full 1.982 32.730
reg_full 2.148 33.064
inc_full 2.758 17.585
NAs Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 13.587 106.763
reg0511_inc 1.653 34.860
reg_inc 2.126 48.303
full_inc 2.130 27.541
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NAs Measurement Errors Covariance Changes
reg0511_inc 1.653 34.860
reg0511_full 1.982 32.730
ICP Measurement Error Covariance is by ICP Region for all years
NAs Measurement Errors Covariance Changes
reg_inc 2.126 48.303
reg_full 2.148 33.064
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Table 3.8: Measures Computed for 2011
MPAD-UQICD MPAD-UQICD-SE
ICP and NAs Measurement Error Covariances are Identically Specified
homo2 11.098 3458.149
reg2 10.353 286.052
inc2 1.660 19.586
reg0511-2 3.940 179.281
uqicd (full2) 0.000 0.000
NAs Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 9.714 163.851
reg0511_full 1.711 35.794
reg_full 1.841 36.534
inc_full 1.939 17.170
NAs Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 9.059 181.137
reg0511_inc 1.545 38.919
reg_inc 1.765 63.253
full_inc 1.468 36.387
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NAs Measurement Errors Covariance Changes
reg0511_inc 1.545 38.919
reg0511_full 1.711 35.794
ICP Measurement Error Covariance is by ICP Region for all years
NAs Measurement Errors Covariance Changes
reg_inc 1.765 63.253
reg_full 1.841 36.534
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Table 3.9: Measures are computed for the average of 2005 and 2011
MPAD-UQICD MPAD-UQICD-SE
ICP and NAs Measurement Error Covariances are Identically Specified
homo2 11.604 2568.821
reg2 10.393 253.241
inc2 1.693 18.987
reg0511-2 3.921 160.481
uqicd (full2) 0.000 0.000
NAs Measurement Error Covariance is Fully Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_full 12.131 129.926
reg0511_full 1.828 34.262
reg_full 1.974 34.799
inc_full 2.293 17.377
NAs Measurement Error Covariance is WB Income Group Heteroscedastic
ICP Measurement Errors Covariance Changes
homo_inc 11.015 143.950
reg0511_inc 1.592 36.889
reg_inc 1.921 55.778
full_inc 1.754 31.964
ICP Measurement Error Covariance is by ICP Region for 2005 and 2011
NAs Measurement Errors Covariance Changes
reg0511_inc 1.592 36.889
reg0511_full 1.828 34.262
ICP Measurement Error Covariance is by ICP Region for all years
NAs Measurement Errors Covariance Changes
reg_inc 1.921 55.778
reg_full 1.974 34.799
For a few selected countries a graphical comparison is presented below. The PPP point
estimates and standard errors for the UQICD version2 (full2 ) are in black, the reg0511-inc
series are in blue. Four developed countries (Finland, Spain, Canada and Australia) and four
developing countries (Guatemala, Nepal, China and India) are presented. The green circles
show the ICP observed data.
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Figure 3.1: Price Level with Standard Errors Estimates -Developed countries
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Figure 3.2: Price Level with Standard Errors Estimates -Developed countries (cont.)
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Figure 3.3: Price Level with Standard Errors Estimates -Developing countries
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Figure 3.4: Price Level with Standard Errors Estimates -Developing countries (cont.)
For both sets of graphs, the point estimates are very close and track the benchmark ICP
observations very well. The only exception is China where prior to 1990 the two sets of extrap-
olated PPPs can be seen to significantly di er. In terms of standard errors, there is not much
di erence for developed countries, but standard errors are significantly smaller in the case of
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developing countries when the specification reg0511-inc is used for the covariance matrices. In
the case of China, the current UQICD SEs for price levels are very wide. Using this specifi-
cation, they are much narrower and overall this choice would seem to assist in reducing the
uncertainty in the estimation of both the PPPs and standard errors for the earlier period of
China.
3.5 Conclusion
The chapter proposes alternative assumptions of the measurement errors (MEs) covariances
for the ICP and national account data (NAs) used in the spatial and temporal extrapolation
of PPPs. The two sources of MEs are for the data collected and provided by the Interna-
tional Comparisons Program and by the National Accounts of individual countries. The study
provides a robustness analysis of the estimates (extrapolations) based on the RRD method cur-
rently used by UQICD - the only method in the literature that allows the incorporation of MEs
information to produce time series of purchasing power parities. This chapter also proposes a
number of group heteroscedastic alternatives based on arguments made in the literature. The
choices are more parsimonious than the current UQICD specification.
An empirical test of the consistency of the estimates and a sensitivity analysis of the standard
errors estimates to alternative heteroscedastic specifications is presented. Two important results
emerge from the study. The first is that there is empirical support for the consistency of the
estimator used by the RRD method to obtain time series of PPPs for countries. That is,
the extrapolated PPPs remain robust to alternative covariance specifications. The second is
that using group heteroscedastic covariance matrices to capture the MEs provides the most
consistent results as well as the smallest standard errors. The ICP regions and level of income
(based on the group classification of the World Bank) are shown to be the best grouping
combination to model the MEs variances for the ICP and PPP growth rates derived from
national account data respectively. This is especially the case for developing countries.
Chapter 4
Modeling and Estimating PPPs for
GDP Components
4.1 Introduction
To compare economic activities between countries, the most common set of economic aggre-
gates used are the Gross Domestic Product (GDP) and its components (Private Consumption
(C), Government Expenditure (G) and Gross Fixed Capital Formation (I)). Though there are
alternative sources for PPPs at GDP level, not much work has been done in modeling the
PPPs for C, G, and I. Until recently the only existing source of PPPs for GDP components was
the Penn World Table (PWT) whose methodology has some shortcomings. UQICD started to
provide PPPs for the components of GDP with the release of version 2.0.0 in October 2014 by
incorporating the work of Huynh et al. (2014), which is furthered presented in this Chapter.
The PWT method uses the same computation techniques to all the components, and does
not account for the specific characteristics of each component, which lacks theoretical justifi-
cation. Another important drawback is that their calculated PPPs do not come with standard
errors for the estimates. Therefore, the PWT PPP users are not provided with an indica-
tion of uncertainty level of the PPP point estimates and are prevented from the use of many
econometric tools to produce further results.
The RRD method (Section 2.4.3) has been shown to produce optimal estimates for a com-
plete panel of PPPs. This econometric method also enables the incorporation of di erent
economic models for each component separately, and produces point estimates along with their
associated standard errors. Therefore, the second contribution of in my PhD research is to
develop di erent economic models for each of the components and integrate them into the
RRD method to produce estimates for PPPs for C, G and I. The economic models will be put
together based on the price level determinants of each component and the results produced
will be space and time invariant PPP estimates with corresponding standard errors. Results
will be presented using both original RRD covariance structure and the reg0511-inc structure
proposed in Chapter 3.
The chapter is organized as follow. In Section 4.2, the economic models defining the groups
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of variables that are specific in explaining price level for each component will be identified and
discussed. The next section details the data and the choice of particular variables that are
used for the regressions for each component. Section 4.5 explains the estimation procedure for
the newly formed countries, which are the countries whose data are only available from 1990
to 2012 while the majority of countries have data from 1970 to 2012. Section 4.6 presents the
estimation results obtained for C, G and I and the last section concludes the chapter.
4.2 The economic structural determinants
There are no ready-made results on the structural determinants of price level for C, G and I.
Therefore, we wish to bring in elements of the macroeconomic literature to define the economic
models for C, G and I. Through these economic models, the groups of variables that are specific
in explaining price level for each component will be identified.
4.2.1 Private Consumption (C)
Compared to investment, government expenditure and net export, consumption is the largest
component of GDP. On average, individual consumption constitutes 69 percent of GDP (World
Bank, 2005b). These personal expenditures fall under one of the following categories: durable
goods, non-durable goods, and services. Examples include food, rent, jewelry, gasoline, and
medical expenses but do not include the purchase of new housing. Hence, the production of
consumption goods and services involves both tradables (goods) and nontradables (services) like
GDP; therefore, the structural determinants of the consumption price level should be similar
to those of GDP. Again, there is no ready-made model in macroeconomics to account for price
level of private consumption, but if we look into the theoretical reasonings of the structural
determinants of national price level (please refer to subsection 2.4), we can see that these are
also applied to consumption price levels.
First of all, the production of consumption goods includes both tradables and nontradables;
therefore, the productivity di erential model of Balassa is relevant for consumption price. Just
like in the case of GDP, the law of one price holds for tradables so prices for traded goods
are similar between countries, but prices of nontradable goods and services will be di erent
due to di erent productivity levels in the tradable sector of countries. A rich country with
high productivity level will pay higher wages to the tradable sector labour than poor countries
whose productivity are lower. Even though international productivity di erences are smaller
for the non-traded sector, the low wages established in poor countries in the low-productivity
traded goods industries will apply also to the not-so-low productivity nontraded goods indus-
tries. Rich countries will have higher consumption price levels; or income per capita is also
a structural determinant of private consumption price. Apart from per-capita income, other
long-run structural factors that might also influence the consumption price levels are resource
abundance, the degrees of openness, international tourism, country size, foreign trade ratios
and trade balance. The judgements follow those in subsection 2.4 as for price level in GDP
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level.
While the structural determinants are similar between the consumption price level and
the GDP price level, the magnitude of influence of those determinants on the price levels
might be di erent between the two. Under the expenditure approach, GDP is the sum of
consumption, investment, government expenditure and net exports. Government spending
and investment involves both tradables and nontradables; however, net exports only concern
tradables. As a matter of fact, the proportion of nontradables in consumption will be larger than
that in total GDP. By the productivity di erential hypothesis, the positive correlation between
consumption price level and per capita income will be higher than the correlation between
national price level and income per person. With similar reasonings, resource abundance,
international tourism, country size, the degrees of openness and trade balance also have stronger
e ects on consumption price than the national price level.
In conclusion, in constructing economic model to explain consumption price level, the set
of variables should include all the variables that explain the national price level.
4.2.2 Government Expenditure (G)
Government expenditure contains government consumption on final goods and services and
gross government investment. Examples of government consumption spending includes salaries
of public servants to produce and provide services to the public, such as public school edu-
cation and health care. Other spending includes defense, justice, general administration, and
the protection of the environment. Gross investment by the government consists of spending
for fixed assets that directly benefit the public, such as highway construction, or that assists
government agencies in their production activities like purchases of military hardware. It does
not include any transfer payments, such as social security or unemployment benefits (Bureau of
Economic Analysis - U.S. Department of Commerce, 2012). Therefore, government expenditure
mainly consists of salary payments to government employees and purchases of tradable goods
like machinery and equipment or military weapons.
From macroeconomic theory we know the salary payment or wage rates are determined
by the marginal productivity of labour. As a result, high-income countries with high labour
productivity will earn higher wages than their counterpart in low-income countries, which
postulates a positive relationship between wage rates and national average income. The price
of capital goods like equipment and military hardware, on the other hand, seems to be negatively
correlated with per capita income (as per discussion in the previous subsection). Therefore, the
relationship between overall price level of government expenditure (which is the combination
of wage rates and capital goods price level) with per capita income depends on the proportion
of service (employment) and tradable goods purchased. It is also found that the volume of
military spending is positively correlated with the national price level (Bergstrand, 1996), hence
positively correlated with government expenditure price level.
In summary, an economic model explaining government expenditure price would ideally
include variables explaining wage rates and capital-goods price; which are variables measuring
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labour productivity, average income, proportion of service and goods purchased by the gov-
ernments, volume of military spending (fuel, uniform food, etc.) and investment rates of the
governments.
4.2.3 Gross Capital Formation (I)
Investment or Gross Fixed Capital Formation together with government expenditure and net
exports only take up about a third of GDP, though there are exceptions like China. Investment
expenditures, which mostly comprise of purchases of equipment and construction services and
distributions services (wholesaling, retailing, and transportation) are much less important for
investment than for consumption (World Bank (2005b); Burstein et al. (2004)). Examples
include business investment in equipment, construction of a new mine, purchase of software,
purchase of machinery and equipment for a factory or spending by households (not government)
on new houses. One point to note is that investment in this context does not include exchanges
of existing assets or purchases of financial products. Buying financial products is actually
classified as ’saving’, as opposed to investment.
From the two main categories of investment: equipment purchase and construction service,
it can be inferred that investment involves both tradable goods and nontradable services like
GDP and consumption. However, while consumption contains in itself higher proportion of
nontradables, investment mostly involves tradable capital goods as the import content of in-
vestment is much larger than that of consumption (Burstein et al., 2004). It is agreed that
service prices are lower in low-income countries, but it is controversial whether equipment or
capital-goods prices are the same across nations.
Hsieh and Klenow (2007) claims that the absolute price of capital goods is no higher in
poor countries than in rich countries. Their study, which uses data from the Penn World
Tables, produces positive and mostly significant results suggesting higher investment price in
rich countries. The author explains that the high relative price of investment in poor countries
is due to the low price of consumption goods in those countries since poor countries have low
e ciency in producing investment goods and need to produce consumer goods to trade for
them. This result is exactly what is predicted by the Balassa-Samuelson hypothesis. On the
contrary, commonly held views and other empirical evidence seems to suggest the opposites.
Alfaro and Ahmed (2010) uses highly disaggregated data on trade in capital goods to study
di erences in the price of capital across countries and finds that the price of imported capital
goods is negatively and significantly correlated with the income of the importing country. This
finding explains why in poor countries, the relative prices of capital to consumption goods are
observed to be higher.
Several hypotheses have been proposed to explain why tradable capital goods are actually
more expensive in poor countries. The first reason might be measurement problem in the
PWT and ICP price data set, especially in regards to developing countries. Rao et al. (2010b)
also acknowledges this problem by incorporating measurement errors of the ICP into their
econometric model, assuming that the variance of errors are inversely related to income per
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capita. The second reason possible is price discrimination, which means producers set their
selling prices of the same goods higher for poorer countries. Price discrimination has long been
present in the literature (Mertens and Ginsburgh (1985), Verboven (1996), Ayres and Siegelman
(1995)), which speculate that it might be profitable for firms to charge higher prices to groups
of consumers that have a lower average reservation price if the variance of reservation prices
within the group is su ciently large. Within the context of traded capital goods, a vendor who
knows this might rationally charge higher prices to all of its customers in poor countries. The
third possible reason is transaction costs. For many developing countries, high tari s or other
forms of capital control would likely drive up the price of imported capital goods. Besides,
higher costs for poor countries are associated with searching for and negotiating (directly or
indirectly) foreign purchases, as well as the volume of trade. Low-income countries might also
be paying more for capital goods shipped in smaller quantities (Alfaro and Ahmed, 2010).
Other factors besides income that are documented to a ect capital goods prices are invest-
ment rates or growth (Alfaro and Ahmed, 2010). For example, in a research using a data set
for capital-goods and equipment prices covering the 1870–1950 period for 11 OECD countries,
Collins and Williamson (2001) argues that relative capital-goods prices are strongly negatively
correlated with investment rates.
From the discussion above, there are several groups of variables that should ideally be
included in the economic model explaining investment price. They are variables that mea-
sure the proportion of equipment purchase (tradable capital-goods) to construction service
(non-tradables), income per capita, transaction costs (e.g. capital control, volume of trade),
investment rates and growth.
4.3 Data and choices of variables
Having determined the determinants of the price levels of consumption (C), government expen-
diture (G) and gross capital formation (I). The economic models based on these findings can be
incorporated into the RRD econometric method (modified or original) so that PPPs for each of
the components can be estimated. Details of the original RRD method has been described in
Section 2.4.3 and the modified RRD is the RRD that accounts for regional e ect of ICP data
and income groups e ect of national account data in covariance matrix specification detailed in
Section (3.3). In this section, we present the data and choices of the variables for the economic
models of each component with reference to the mathematical notations used in Section 2.4.3.
The choices of the socio-economic variables (forming xit in equation (2.34) ) included in the
regression are based on three factors. The first factor is the the determinants of the national
price level as well as the structural economic determinants of price level for each component
discussed above. The second factor is the availability of our data. The last factor is the
adjusted R-square obtained for the di erent sets of variables. When the primary aim in model
selection is to establish the best estimating equation, we should also look at the t values of
the coe cients for the significance of each variables and the weighted variance of the squared
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standard errors on the country coe cients together with adjusted R-square. However, the
objective of this chapter is to examine the feasibility of the exercise of estimating PPPs for the
GDP components, we focus on the fit of the model as the main selection criteria and choose
the best model by minimising the adjusted R-square. Details are provided below.
4.3.1 Data
Data for the PPP extrapolation of consumption, government expenditure and investment are
the ICP benchmark PPPs for the components, the socio-economic data for each country and
the bilateral trade data required to compute the spatial economic weights matrix.
The benchmark PPP data for C, G and I were collected from two di erent sources for the
11 benchmarks. For 1970, 1973, 1975, 1980, 1985 and 2005, 2011 benchmark PPP data for
the components were collected from ICP and the remaining years of 1990, 1993, 1996, 1999,
2002 were obtained from Eurostat-OECD. Several features of the PPP data are noteworthy.
The number of countries varied over benchmarks. The first benchmark (1970) covered only 10
countries, while the most recent (2011) benchmark represents truly global comparisons with
199 countries. Another related point worth noting is the fact that PPPs for all the benchmarks
prior to 1990 were based on the GK method and PPPs for the more recent years are all based
on the GEKS method of aggregation.
The socio-economic data and the already computed spatial weight matrix are both obtained
from the UQICD (Rao et al., 2015) database. In this database there are socio-economic vari-
ables, variables representing productivity level, the degree of openness of the economy, national
resource, trade balance, currency and trade agreements. The spatial weights matrix,Wt, used in
modeling the spatial error structure is proportional to trade closeness as measured by bilateral
trade flows (see Rambaldi et al. (2010)).
The dimensions of the extrapolation were largely determined by data availability. A number
of countries were excluded because of missing data and the time frame 1970-2012 was likewise
chosen because of poor data availability prior to 1970. As a result, the complete PPP panels
for C, G and I will be for 180 countries and 42 periods (the year 1970 data are used for
computation of growth rates so results are only for 1971 to 2012). In these 180 countries, 158
countries have full data coverage for the 1970-2012 period, for the remaining 22 countries, which
were newly formed after the break up of the Soviet block, data is only available from 1990.
Special treatment has been carried out for the estimation of these newly formed countries and
the methods will be describe below in Section 4.4.
4.3.2 Explanatory variables for private consumption
To construct the economic model to explain consumption price level, the set of variables should
include all the variables that explain the national price level. They are per-capita income,
national resource, the degrees of openness, international tourism, country size, foreign trade
ratios and trade balance. Per-capita income exchange rate adjusted for each country in year t
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are used to construct the matrix Vt (see equation (2.53) ). Per-capita income cannot be used
directly as an explanatory variable since there will be a circularity problem. To overcome this
di culty, variables representing productivity, which are in accordance with the productivity
di erential model of Balassa in explaining national price level and are proxies for income per-
capita, are chosen.
The procedures to select variables to explain C, G and I price levels are similar. First,
given available data and the theoretical structural determinants discussed above, the largest
possible sets of variables are chosen for each component. Then, subsets of these variables
are selected by statistical fittings in order to maximize the adjusted R-square in the initial
run using 644 benchmark observations to obtain an initial estimate of —, —ˆ0 by regressing
rit = ln
5
ICP ≠PPPit
XRit
6
on xÕit. Once the regression is calibrated, a first set of predictions of
PPPs is obtained to start the state-space based estimation (see equation (2.46)). Estimates of
these initial regressions are presented in the Appendix at the end of this chapter.
A set of 26 variables that are expected to capture country-specific episodes that may influ-
ence the price level, variables that capture trade or monetary agreements, variables representing
productivity, national resource, degree of openness and trade balance have been selected. The
model is specified with time fixed e ects. The initial regression (using available benchmark
data) produces an adjusted R-square of 71.32%.
4.3.3 Explanatory variables for Government expenditure
The same procedure of variable selection for Private Consumption is used for Government
Expenditure. First, the theoretical discussion by Bergstrand (1996) suggests that government
expenditure price would ideally include variables explaining wage rates and capital-goods price;
which are variables measuring labour productivity, average income, proportion of service and
goods purchased by the government, volume of military spending and investment rates of
the governments. However, we did not have data on the share of services to government
expenditure, or the volume of military spending and investment rates. As a result, a set of
variables representing productivity and average income are selected together with economic
variables, which include measures of trade balance and degree of openness. The initial model
with the highest adjusted R-square obtained at 73.08%.
4.3.4 Explanatory variables for Gross Capital Formation
Among the three components, Gross Capital Formation is the most di cult one to model
given available data. From a theoretical perspective, the group of variables that should ide-
ally be included in the economic model explaining investment prices are: variables that mea-
sure the proportion of equipment purchase (tradable capital-goods) to construction services
(non-tradables), income per capita, transaction costs (e.g. capital control, volume of trade),
investment rates and growth. Given available data, a set variables, which represent income per
capita, transaction cost (capital control), and trade volume are used. The adjusted R-square
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for initial regression is only 62.42%, which is lowest among the three components.
The benchmark PPPs of Gross Capital Formation is found highly correlated with market
exchange rate (with correlation coe cient of 0.95). This reflects the fact that investment goods
are mostly tradables. The explanatory power of the regression might be improved if we could
have data that measure the tradables-to-nontradables ratio in investment, investment rates and
growth. However, the sample size would be reduced significantly since data for such variables
are not available for all the 180 countries over 43 years (1971 to 2013). In order to produce
a complete panel of PPP for I covering the same countries and years as C and G, within this
PhD research, those variables are not included in the estimation.
4.4 Estimation for newly formed countries
There are 22 countries in our data set that were not designated as separate countries over the
complete period. For these countries data are available only from 1990 when the countries
came into existence as separate entities after the dissolution of USSR and former Yugoslavia.
To be able to retain the time-space consistency and reference-country invariance properties for
the majority of countries, the estimation is conducted in two stages; both use the modified
or original RRD method described in (Rao et al., 2010b,a). In stage 1, the RRD method is
implemented for 158 countries that have full data coverage following the estimation algorithm
in Section 2.4.3 (Steps 1-3). In this stage all the parameters of the model are estimated (that
is hyper-parameters and ◊ vector). Given the parameters estimated in stage 1, step 4 of the
RRD estimation algorithm is run with all the 180 countries for the period 1990 to 2012.
4.5 Estimation results
This section presents the estimates of current price PPPs for the three components resulting
from the choice of variables in the previous section and the use of the original and modified
RRDmethod. Themodified part is because the measurement errors variances, Vt≠ICP ,Vt≠NA in
matrices Qt and Ht, are specified using reg0501≠ inc instead of the original full2 specification
(See Chapter 3 for details). Other changes in the specifications of the variance covariance
matrix of the error terms in the RRD state-space system, Qt, Ht, or by imposing constraints
on the spatial correlation coe cient „, di erent sets of PPPs estimation can be found. They
are estimates with or without spatial errors, tracking benchmark PPPs exactly or not, tracking
national price movements exactly or not. Here we have chosen the most general set of results
with no constraints on the hyperparameters, where spatial errors are allowed and estimates are
not fixed to track benchmark PPPs or national price movement exactly. The programming
of the estimation was done using MATLAB. The original source code for the UQICD was
originally written in GAUSS; however, was translated into MATLAB for the empirical analysis
of this PhD research.
The first set of results presents the estimates for the three components with summary
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statistics and graphs for representative countries. The summary statistics include the mean
percentage absolute deviations (MPAD) from the ICP data and national account growth data
(MPAD-ICP, MPAD-NA); as well as the mean standard errors (MSE) of the estimates in PPPs
and price level (MSE-Pl) for the three components. The formula for these statistics can be
found in Section 3.3.4.
The estimated figures and standard errors will also be presented for 2011 for five selected
countries representing di erent continents of the world and level of economic development will
be shown. The chosen countries are: Australia and Germany (from the OECDs), which are
developed countries, China (from Asia) and Botswana (from Africa) are developing countries
and Russian Federation (a newly formed country). Next, graphs of PPP in price levels for
the countries are shown. In each graph, price levels for all three components will be plotted
together with comparison to the ICP data and the GDP price level estimated using the same
RRD method.
Another set of results will be presented to compare our estimates and those from the PWT
for both versions 7.1 and the most current version PWT8.1. Here, we use the MPAD from
the ICP data for 2005 to compare results before plots for the selected countries are presented.
The PWT7.1 only have estimates up to 2010 and the C and G concepts are the same as ours.
However, they use only 2005 ICP benchmark data in their computation input. The PWT8.1
includes estimates of PPPs up to 2011 and incorporate all ICP benchmark data available up
to 2005; yet, the C and G concepts are di erent from ours (see (2.4.2)).
Graphs for the representing countries with PPP predictions will be in price level (PPP/ER)
while the figures presented are computed from PPP estimates.
4.5.1 Summary of results
Tables 4.1, 4.3, and 4.2 summarize the results for the five representative countries for the year
2011, where ICP produced the most observations of PPP data, covering all the 180 countries
in our dataset and the summary statistics computed from the results for 158 countries that
have full data for 42 years period. Each table shows figures for one component: Consump-
tion, Investment and Government Expenditure. ICP data for the five countries are compared
against our estimates and the corresponding standard errors using either RRD covariances or
the modified (reg0511-inc) covariances that empirically work best in the estimation of PPP for
GDP. The MPAD gives an idea of how close are our estimates to the ICP and NA data and the
MSE gives an indication of the average standard errors for each component. A point to note is
that the results and findings below are dependent on the availability and quality of data used.
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Table 4.1: Summary results- Consumption
ICP_C C_RRD SE_RRD C_new SE_new
Germany 0.818 0.821 0.011 0.822 0.013
Australia 1.527 1.530 0.020 1.531 0.023
China 3.700 3.790 0.136 3.705 0.099
Botswana 4.438 4.400 0.109 4.423 0.180
Russian Fed. 16.769 16.800 0.041 16.791 0.269
Summary Statistics for 180 Countries
MPAD-ICP 6.636 6.686
MPAD-NA 26.043 26.754
MSE 16.612 14.144
MSE-Pl 0.048 0.044
Table 4.2: Summary results- Government
ICP_G G_RRD SE_G G_new SE_new
Germany 0.659 0.668 0.007 0.675 0.016
Australia 1.310 1.310 0.013 1.316 0.030
Chile 2.780 2.750 0.069 2.730 0.070
Botswana 2.656 2.610 0.048 2.490 0.149
Russian Fed. 10.621 10.400 0.187 10.603 0.071
Summary Statistics for 180 Countries
MPAD-ICP 8.080 7.675
MPAD-NA 30.065 29.138
MSE 6.132 7.209
MSE-Pl 0.023 0.028
Table 4.3: Summary results- Investment
ICP_I I_RRD SE_RRD I_new SE_new
Germany 0.819 0.823 0.018 0.828 0.022
Australia 1.706 1.690 0.036 1.699 0.044
China 3.770 3.810 0.220 3.783 0.101
Botswana 3.280 3.300 0.136 3.479 0.236
Russian Fed. 27.911 27.000 0.751 27.910 0.029
Summary Statistics for 180 Countries
MPAD-ICP 4.101 4.261
MPAD-NA 33.231 39.447
MSE 51.587 16.843
MSE-Pl 0.153 0.054
The MPAD from ICP and NAs for Consumption using regional and income e ect covari-
ances are slightly higher than those using the RRD covariances, while the standard errors are
slightly lower. The small di erence in results from di erent covariance structures is also true
for Government with slightly smaller MPAD from ICP and NAs but slightly larger MSE. The
di erence is, however, much more significant for Investment especially in the reduction of three
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times of MSE in price level from 0.153 to 0.054. The high sensitivity of Investment price level to
the regional e ect from the ICP might be the result of the alternative pricing methods adopted
by di erent regions in Construction - a major component of Investment (World Bank, 2015a).
These results are additional empirical proofs for the optimality of the Kalman Filter and
Smoother estimators, which help produce consistent estimates in di erent data sets and eco-
nomic models. The variation in the standard errors can still be large when di erent covariance
matrices are used, similar to the case of estimating PPPs for GDP (3.5). Among the three
components, Investment has the smallest MPAD over space (MPAD-ICP) while largest MPAD
over time (MPAD-NA). Standard errors are also highest for Investment (0.054 compared to 0.04
and 0.02 in C and G respectively). This might be resulted from the smallest adjusted R-square
in the initial regression estimation. Due to data constraints, some variables like the tradables-
to-nontradables ratio in investment, investment rates and growth haven’t been included in the
regression as suggested by economic theory (4.3.4). We use the results obtained from using the
reg0511-inc for the analysis from now on as the point estimates are similar whether we use the
original or modified RRD covariances, only the standard errors for Investment is smaller.
Across all the three components, there are some common features that can be seen. Our
estimates for 2011 are relatively closer to the benchmark data. This is as expected as 2011
is the year with the most number of countries participating in the ICP so having both high
data quality and coverage. Regardless of which component it is, standard errors are smaller
for Australia and Germany - OECD countries that have participated in most of the global as
well as OECD comparisons than in other countries (China, Botswana and Russian Federation)
- which are less developed and participated in fewer benchmarks. The next graph for each
Consumption PPP plotted over all the 42-year period with standard errors of Australia (a
developed country) and China (a developing country) helps us see clearer over the years the
di erence in standard errors between richer and poorer countries, especially in Consumption
and Investment. The black line is our PPP for Consumption in price level estimates, the red
and blue lines are the plus and minus two standard errors lines and the green circles depict the
ICP data.
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Figure 4.1: Estimation with standard errors - Consumption
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Figure 4.2: Estimation with standard errors - Government
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Figure 4.3: Estimation with standard errors - Investment
Though standard errors (SEs) are generally much smaller for developed countries (repre-
sented by Australia) than for developing countries (represented by China), there is a common
pattern for all countries. We observe smaller standard errors around the benchmarks and to-
wards the end of the estimation period than in earlier periods when fewer benchmark data is
CHAPTER 4. MODELING AND ESTIMATING PPPS FOR GDP COMPONENTS 78
available. These facts about the SEs might reflect the quality and availability of data since
with the more recent benchmarks; we have more data from the ICP with their improvements
in benchmark PPPs computation. This is supported by the literature and can be most clearly
seen from the China graphs.
As can be seen from the graphs below, we can infer that PPP price levels di er significantly
across the three components, though they seem to follow the same trend for either developed,
developing and newly formed countries. In comparison with the PPP for GDP as a whole,
for both developed and developing countries, Consumption PPP is the closest to GDP PPP.
Investment PPP seems to be higher than GDP PPP in developed countries while tracking GDP
PPP more closely in developing countries. Government PPP price level are lower in developing
countries than developed countries, compared to their respective GDP PPP price levels.
Figure 4.4: Estimation results for Germany
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Figure 4.5: Estimation results for Botswana
The estimated series for the Russian Federation representing results for newly formed coun-
tries. Note that data for those countries are only available from 1990 so their estimates are also
only available for the later half of the whole 42 years estimation period. For Russia, the 2008
OECD and 2011 ICP seem to indicate price levels are just below 0.6, while the price level was
around 0.5 in 2005. Thus, the trend is upwards indicating the purchasing power parities are
slowly converging to the market exchange rates.
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Figure 4.6: Estimation results for Russian Federation
4.5.2 In comparison with PWT7.1 and PWT8.1
In this subsection, three summary results are first presented for the year 2005 for the five
representative countries comparing our estimates with the ICP, PWT7.1 and PWT8.1. Since
PWT7.1 only produces estimates up to 2010, we have to choose the last benchmark year of 2005
which are available in all the series. MPAD from the ICP figures for 2005 are also computed for
each series. However, no standard error comparison will be made since PWT do not provide
standard errors for PPP estimation.
Our definition of the C and G component are the same as those in ICP and PWT7.1;
however, di erent to PWT8.1 as the former refers to Actual Individual Consumption and Gov-
ernment Collective Consumption while the latter refers to Household Consumption and Gov-
ernment Consumption (both collective and individual). In terms of benchmark data, PWT7.1
only use ICP 2005 data, PWT8.1 make use of all available benchmark data up to 2005 and we
have used all ICP benchmark data including the latest 2011 figures.
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ICP_C PPP_C PWT7.1 PWT8.1
Germany 0.877 0.879 0.850 0.898
Australia 1.374 1.378 1.304 1.442
Botswana 3.003 2.984 3.333 2.604
China 3.460 3.490 2.814 2.562
Russian Fed. 12.583 12.535 11.078 12.411
MPAD 2.061 9.530 10.691
Table 4.4: Summary results 2005 - Consumption
ICP_G PPP_G PWT7.1 PWT8.1
Germany 0.910 0.899 0.721 0.794
Australia 1.310 1.293 0.946 1.123
Botswana 1.360 1.476 3.537 1.673
China 1.530 1.603 1.435 1.491
Russian Fed. 5.481 5.472 10.068 6.563
MPAD 2.817 28.45 28.505
Figure 4.7: Summary results 2005 - Government
ICP_I PPP_I PWT7.1 PWT8.1
Germany 0.950 0.959 0.850 0.948
Australia 1.470 1.476 1.304 1.471
Botswana 2.690 2.736 3.333 2.643
China 3.700 3.706 2.813 2.985
Russian Fed. 8.750 8.752 11.078 18.891
MPAD 3.146 27.117 32.584
Figure 4.8: Summary results 2005 - Investment
The first common feature among the estimated figures for the three components is that our
estimates track the ICP benchmark closer than the PWT 7.1 and PWT8.1. This is especially
true in Government and Investment components. PWT7.1 and PWT8.1 di erences from the
ICP are relatively similar, with MPAD of PWT7.1 slightly smaller might be due to the fact
that PWT7.1 shares the same concept of C and G as the ICP while the PWT8.1 does not.
Below are the graphs of the three series for all years from 1971 to 2012 for Germany and
Botswana. The black lines are our estimates, the blue lines are PWT7.1 and the red lines are
PWT8.1:
With Germany, a developed country who has participated in many benchmark ICP, our
estimates and both versions of PWT are following the same trend with the PWT7.1 series
standing lowest among the three in all the components. This is not the case with Botswana, a
developing country with fewer benchmark ICP participations. Our estimates seem to be lowest
across all three components and the series for PWT8.1 are higher than those in PWT7.1 for
Investment while mostly smaller for Consumption and Government.
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Figure 4.9: Comparison of results for Germany
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Figure 4.10: Comparison of results for Botswana
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4.6 Component PPPs at Constant Prices
The current price PPPs obtained for the C, G and I components of GDP only enable cross-
country comparison of real income of each aggregate for a particular year. In order to compare
real income of di erent countries in di erent years, we need constant price PPPs as conversion
factors.
Based on the way constant price PPPs for GDP are computed in RRD method (see subsec-
tion 2.4.3), the constant price PPP series for each component are calculated as follow:
Let Let PPPUSitg denotes the current price PPP of country i in time t with reference country
is the US estimated; Gitg denotes the value of component g (C, G or I) of country i at time t
expressed in local currency units. RGUSitg denotes real value of component g of country i in time
t expressed in the US dollars; CRGUS,2005itg be the international constant price real expenditure
of component g at time t expressed in 2005 US dollars; and Defitg denotes the deflator for
component g from national account data for country i at time t (e.g. CPI for Consumption
component).
CRGUS,2005itg =RGUSitg ◊PPPUSitg ◊
Defi,2005,g
Defitg
◊ 1
PPPUSi,2005,g
(4.1)
As Gitg =RGUSitg ◊PPPUSitg
It can be inferred from here that PPPUS,2005itg - the constant price PPP for country i at time
t relative to the US and the base year of 2005 can be computed from the current price PPPs
and domestic deflators as below:
PPPUS,2005itg =
Gitg
CRGUS,2005itg
= PPPUSi,2005,g◊
Defitg
Defi,2005,g
(4.2)
Below are graphs of the constant price price levels (PPP/ER) series for the three components
for selected countries. As a variation from the five countries chosen in the previous section,
Denmark and Norway represent the developed countries while India and Liberia represent
developing countries.
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Figure 4.11: Constant 2005 price PPPs - developed countries
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Figure 4.12: Constant 2005 price PPPs - developing countries
Between the 42 period from 1971 to 2012, price levels for all three components and GDP
in constant prices for developed countries are, in general higher than those for developing
countries. Though the prices follow upward trends in both rich and poor countries, prices are
rising at a higher speed in the former, which widens the price level gap between the two groups
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of countries.
4.7 Conclusion
The above results are produced using the RRD method with modifications to the economic
models explaining the price level for each component and the covariance specifications to reflect
the ICP-regional e ect and income-group heteroskedastiy in the measurement errors of ICP and
national account data, respectively. For the three components, there are common and specific
features that stand out. The first common feature is in the similar trend, but more closely
tracking ICP benchmark PPPs of our estimates across three components than those from
PWT7.1 and PWT8.1. The second common features lie in the pattern of errors for rich-poor
countries. The standard errors are smaller for developed countries, which have participated
in most of the global as well as OECD comparisons than in other countries - which are less
developed and participated in fewer benchmarks. Also we can see smaller standard errors
around the benchmarks in more recent years than in earlier periods where fewer benchmark
data are available. Comparing the three component series among themselves, in general, the
PPPs of Consumption are the closest to those in GDP level while the PPPs for Government
Expenditure and Investment di er more significantly. The reason might be larger proportion
of Consumption in GDP compared to the other two components.
These features reflect the advantages of using an econometric approach to produce PPP
estimates for each component separately, which allow the incorporation of elements of the
macroeconomic literature to construct economic models explaining the price level for each of
the components. These also show the importance of data availability and quality which we are
able to associate to our estimate in the form of standard errors.
As the PWT from version 8.0 has used a di erent concept of Consumption and Government
Expenditure. We have become the only source of current price PPPs for the three aggregated
components of GDP that follow the same concept of C and G as the ICP and the majority of the
national account system in the world for the 180 countries. Following the method described in
Subsection 5.3.2, constant price PPP series for the three components are also calculated. From
the constant price PPP analysis, prices follow upward trends in most of the countries regardless
of their income level. However, price levels are higher and rising at a higher speed in the richer
and more developed countries, which widens the price level gap between the two rich and poor
country groups.
4.8 Appendix
Initial regression results and variables definition
These regressions are obtained using an unbalanced panel of the data from ICP participating
countries and benchmark years.
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Table 4.5: Private Consumption Regression
Variables Estimate Standard Error t-statistics
D_asean -0.0293 0.0614 -0.4773
D_mercsr -0.0726 0.0618 -1.1740
D_nafta 0.0424 0.0393 1.0780
D_island -0.0249 0.0333 -0.7491
D_landlock 0.0846 0.3035 0.2786
D_comst1 -0.5931 0.2797 -2.1204
D_comst2 0.1097 0.0700 1.5668
D_wcfa 0.1403 0.0373 3.7659
D_Eurocorp 0.1062 0.0623 1.7045
D_EUROpeg 0.1647 0.0674 2.4431
D_spacific 0.0233 0.0381 0.6115
D_USD -0.0089 0.0016 -5.7541
Agric -0.0075 0.0030 -2.5253
Labpop -0.0013 0.0026 -0.4949
Life -0.0018 0.0021 -0.8488
Nontrade1 0.0061 0.0062 0.9912
Black_I 0.0016 0.0001 12.4482
Phones 0.0000 0.0001 0.6176
Secendaschl -0.0001 0.0003 -0.3538
Trade -0.0012 0.0015 -0.8007
Service 0.0020 0.0010 2.0900
Internet 0.0113 0.0052 2.1664
Capital control -0.0012 0.0006 -2.0042
Mobile 0.0388 0.0714 0.5439
D_cbera -0.0840 0.0674 -1.2476
D_gafta -0.0840 0.0674 -1.2468
Number of observations 644
R2 0.7297
Adjusted R2 0.7132
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Table 4.6: Government Expenditure regression
Variables Estimate Standard Error t-statistics
D_anz -0.3001 0.0763 -3.9323
D_asean 0.1996 0.1350 1.4781
D_ca -0.0694 0.0863 -0.8047
D_mercsr -0.0307 0.0867 -0.3539
D_nafta -0.0214 0.0552 -0.3872
D_island 0.1248 0.0469 2.6602
D_landlock -0.5021 0.4246 -1.1824
D_comst1 0.0929 0.3904 0.2379
D_comst2 0.1370 0.0979 1.3997
D_wcfa 0.1854 0.1371 1.3527
D_nafta 0.2103 0.0524 4.0159
D_Eurocorp 0.1990 0.0879 2.0128
D_EUROpeg 0.3233 0.1402 2.3066
D_spacific 0.0331 0.0543 0.6101
D_USD -0.0141 0.0022 -6.3169
Agric -0.0143 0.0042 -3.4269
Labpop 0.0038 0.0039 0.9878
Life -0.0069 0.0029 -2.3559
Nontrade1 -0.1356 0.0858 -1.5810
D_black1 -0.2568 0.1218 -2.1073
D_black2 0.0053 0.0115 0.4576
Black_I 0.0019 0.0002 10.6826
Phones 0.0001 0.0001 0.6681
Secendaschl -0.0004 0.0004 -1.0777
Trade -0.0009 0.0021 -0.4405
Service 0.0039 0.0014 2.8392
Internet 0.0224 0.0074 3.0387
Capital control -0.0008 0.0009 -0.9744
Mobile -0.1934 0.1002 -1.9306
D_cbera -0.1490 0.0949 -1.5701
D_gafta -0.1490 0.0949 -1.5701
Number of observations 644
R2 0.7483
Adjusted R2 0.7308
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Table 4.7: Gross Investment regression
Variables Estimate Standard Error t-statistics
D_asean 0.0788 0.0520 1.5169
D_euro -0.0187 0.0701 -0.2663
D_mercsr 0.0850 0.0457 1.8615
D_island 0.0226 0.0385 0.5876
D_landlock -0.4591 0.3469 -1.3234
D_comst1 0.0976 0.3205 0.3045
D_comst2 0.0614 0.0795 0.7725
D_wcfa -0.0706 0.1125 -0.6277
D_safricac 0.0924 0.0554 1.6692
D_Eurocorp 0.2352 0.0720 3.2666
D_EUROpeg 0.0282 0.0769 0.3665
D_spacific -0.0574 0.0433 -1.3253
D_USD -0.0076 0.0018 -4.2291
Agric -0.0116 0.0034 -3.4164
Labpop -0.0087 0.0032 -2.7291
Life -0.0009 0.0024 -0.3566
Nontrade1 0.0591 0.0593 0.9965
D_black1 -0.0698 0.0809 -0.8622
D_black2 0.0012 0.0001 8.7202
Phones 0.0002 0.0001 2.1568
Secendaschl -0.0008 0.0003 -2.7646
Trade 0.0022 0.0017 1.2923
Service 0.0010 0.0010 1.0736
Internet 0.0130 0.0060 2.1700
Capital control -0.1061 0.0818 -1.2969
D_cbera -0.2096 0.0767 -2.7327
D_gafta -0.2096 0.0767 -2.7327
Number of observations 644
R2 0.6464
Adjusted R2 0.6242
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Table 4.8: Definition of variables
Variables Definition
Agric Agriculture, value added (% of GDP)
Black_I 0 if black market premium in exchange for 5 year
periods< 20%;2 if >100%
Capital control International capital market controls
D_anz Dummy for Australia-New Zealand ANZD agreement.
D_asean Dummy for ASEAN countries
D_black1 Black market premium in exchange for 5 year periods
> 20%= 1
D_black2 Black market premium in exchange for 5 year periods
> 100%=1
D_ca Dummy for CACM (Central Amerian Common
Market) countries
D_cafta Dummy for Central American free market.
D_cbera Dummy for Caribbean Basin Economic Recovery Act
(CBERA)
D_comst1 Dummy variable for in transition from communist
regime
D_comst2 Dummy variable for countries either current or former
communist rule
D_euro Dummy for countries which have used the euro since
1999
D_eurocorp Dummy variable for countries which have used the
euro since 1999 and have a cooperative exchange rate
arrangement before 1999
D_europeg Dummy variable for countries with currencies
(CFA_franc) pegged to European Euro
D_gafta dummy for greater Arab free trade area (GAFTA)
D_island Dummy variable for islands
D_landlock Dummy variables for landlock countries
D_mercsr Dummy for MERCOSUR ( an economic and political
agreement among some south American countries)
countries.
D_nafta Dummy for NAFTA ( North American Free trade
Agreement) countries
D_safricac Dummy variable for countries with currency union
with or fix to South African rand
D_spacific Dummy for South Pacific Trade and Economic
Co-Operation Agreement
D_usd Dummy variable for countries with currencies either
pegged to the US$ for substantial amounts of time or
use US$ as the legal tender - during the post-Bretton
Woods era (1973 onwards)
D_wcfa Dummy variable for countries with common west
african CFA franc currency
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Table 4.8 (continued)
Variables Definition
Internet Internet users (per 100 people)
Labpop Labor force as percentage of total population. For
developing countries the labor force is simply defined
as the "economically active" population, which is itself
based on age groups
Life Life expectancy at birth, total (years)
Mobile Mobile cellular subscriptions per 100 people
Nontrade Non-tradable sector value added (% of GDP) -
definition 2: sum of Construction,Wholesale, retail
trade, restaurants and hotels, Transport, storage and
communication and "Other Activities"
Phones Telephone mainlines (per 1,000 people)
Secendaschl School enrollment, secondary per ’000 gross enrollment
Service Service, value added (% of GDP).
Trade Trade (% of GDP)
Chapter 5
Aggregation of component PPPs
5.1 Introduction
The estimation results we have from Chapter 4 by using the modified RRD method are purchas-
ing power parities (PPPs) for consumption (C), government expenditure (G), and investment
or gross fixed capital formation (I) in current and constant prices for 180 countries over the
43 years period from 1971 to 2012. The constant price series are expressed in 2005 US prices.
The next step in the process is to aggregate these component PPP series into PPP series at
GDP level in current or constant prices; and examine how these series di er from the ones that
are currently available from the PWT and the UQICD. The PWT series at the GDP level are
aggregated from component PPPs whereas the UQICD series are extrapolation at the GDP
level.
An advantage of using the RRD econometric method in PPP extrapolation is that the point
estimate of the current price PPP for each country in a given year comes with an associated
measure of uncertainty - that is the standard error (SE). The SEs o er indications of relative
reliability of the estimated PPPs between di erent countries and time periods. With the
empirical results from Chapter 4, we have found that, other things being equal, SEs of the PPP
estimates are much smaller for developed countries like those in the OECD than developing
countries like China or the African countries. This finding is qualitatively similar to SEs
reported in UQICD, based on RRD method, and the relative SEs reported in Deaton (2012).
For most of the countries, SEs are generally lower in later years than in the earlier years of the
estimation period (1971-2012), reflecting the fact that both the quality and availability of data
input for the PPP estimation have improved over time. For example, in 1970 there were only
10 countries for which benchmark PPPs were available. In contrast, in the latest round of the
ICP, there were 199 countries in the comparison. This is why it would be useful if we could
provide a measure of uncertainty for the aggregated GDP and domestic absorption (DA) PPPs
in. The SEs available are for PPPs in current prices. Therefore, the SEs for the aggregated
GDP and DA will also be in current prices.
In this chapter, we first review the methods currently used in aggregation and construction of
current and constant price PPPs. As GDP equals C+G+I+X≠M (X andM are exports and
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imports respectively), aggregating component PPPs involves negative imports component. As
a matter of fact, the problem of aggregation when there is a negative component, which usually
arises in PPP aggregation to GDP level, is discussed. After reviewing the existing methods
and di culties, the methodology used in this research for current price PPP aggregation and
constant price PPP computation is presented; a method to compute the SEs for the aggregated
current price PPPs for GDP and DA is proposed. Finally, empirical results for the calculation
of alternative PPPs in current and constant prices at the GDP and DA levels as well as their
SEs (for PPPs in current prices) are presented and discussed.
5.2 Literature review
Before discussing issues and methods for aggregating component PPPs, the concepts of current
price and constant price PPPs and why both of them are needed in international comparison of
income are discussed. The presentation of methods for constant price PPP aggregation comes
next. Lastly, a review of the techniques for constant price PPPs is detailed.
5.2.1 Current price versus constant price PPPs
The key conceptual di erence between current and constant price values is that the former
provides volumes which account for relative price di erences across countries in a given year,
whereas the latter allows comparison of volumes after adjusting for price level di erences across
countries and also over time. This means that current price aggregates cannot be used for
comparison over time. For example, current price aggregates for the U.K. in 2005 cannot be
compared with those of India in 2011 whereas; such comparisons are possible with constant
price aggregates. Even if the volumes of goods and services remain identical over time, a GDP
comparison based on current PPPs may change over time if relative price structures shift.
For example, when some countries are large producers and exporters of products with marked
changes in the terms of trade, as has been the case for Norway - an important exporter of oil,
the current and constant price volumes will di er significantly.
Current and constant price PPPs for GDP are tools to convert nominal GDP measured
in national currency units into common measurement units for the purpose of international
comparison. We use the same notations used in subsection 2.4.3. Let GDPit denotes the GDP
of country i at time t expressed in local currency units; PPP kit denotes the current price PPP
of country i in time t with reference country k; RGDP kit denotes real GDP in current price of
country i in time t expressed in the currency units of the reference country k, then:
RGDP kit =
GDPit
PPP kit
(5.1)
Let PPP k·it denotes the constant price PPP of country i in time t with reference country k
and base year of · ; CRGDP k,·it denotes the international constant price real GDP in the prices
of year · and currency of country k, then:
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CRGDP k·it =
GDPit
PPP k·it
(5.2)
Current PPPs are the appropriate tool for making GDP comparisons across countries at a
given point of time or year only, since with current PPPs, prices and price structures are allowed
to vary across countries. For example, with current price PPPs of 2015 (having the US as the
reference country), nominal GDP in local currency units of di erent countries in 2015 can be
converted into real current GDP, all expressed in 2015 US dollars. This enables comparison of
2015 GDP of di erent countries like China and Australia. However, current price PPPs are not
helpful in GDP comparisons across countries over time, for example, between China in 2000
and Australia in 2005. The reason is that, between di erent years, there might be changes in
relative prices across countries. This is why we need to have constant price PPPs.
Constant PPPs are the appropriate conversion factors to compare GDP across nations in
di erent years. To generate constant price PPPs, it is necessary to fix the ’base’ or ’reference’
year. For example, if 2005 is used as the base year along with the United States as the
reference country, then with the help of constant price PPPs, GDPs of countries in all years
can be converted into 2005 US prices so that comparison can be made over time and space.
The constant price PPP formula can be derived from the constant price real GDP equation
below (see Subsection 2.4.3)
CRGDPUS·it =RGDPUSit ◊PPPUSit ◊
Defi·
Defit
◊ 1
PPPUSi·
(5.3)
For each country, in the base year, the constant price and current price PPPs are equal.
The mechanics of this process may vary significantly, but in general, the constant price series
is estimated by removing the e ects on the corresponding current price series of price changes
over time. Let Defit denotes the GDP deflator from national account data for country i at
time t with · as the base year. Combining equations 5.1, 5.2 and 5.3, we have:
PPPUS,·it = PPPUSi· ◊
Defit
Defi·
(5.4)
For example, according to the above equation, if the current/constant PPP of India with
respect to the US in 2005 is 14.67 and the price level in India between 2011 and 2005 has
risen by 10% then the constant price PPP of India in 2011 with respect to the US in 2005 is
14.67◊1.10 = 16.137.
5.2.2 Current price PPP aggregation
As GDP =C+G+I+X≠M =C+G+I+NX, GDP PPPs are obtained by aggregating PPPs
for the five components. PPPs are available for C, G and I either from the ICP (for benchmark
years only) or the PWT. The ICP makes use of exchange rate as a proxy of reference PPP for
exports (X) and imports (M). However, the PWT uses export and import specific PPPs.
The starting point for the construction of PPPs at GDP level are data on PPPs for the
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three components C, G and I at current prices, the exchange rates as the price parities for
export and imports and a corresponding panel of the expenditures (in local currencies) for each
of the five aggregates. Each data series covers 180 countries and the 42-year period, from 1971
to 2012. PPP data at current prices for C, G and I are estimated using the method described in
Chapter 4 and data on expenditures are available from national statistical o ces. From these
data, di erent multilateral aggregation methods can be used to construct PPPs at GDP level.
As mentioned briefly in Section 2.3.2, the three main aggregation methods to GDP level
that have been used in the literature are the GEKS, the GK, and the IDB methods (see Diewert
(2013) for a review of these methods). The ICP and OECD-Eurostat uses GEKS (EUROSTAT-
OECD, 2005). The PWT uses GK method (PWT6.1 and 7.1) (Penn World Table, 2012) and
augmented GK for PWT8.0 and PWT8.1 (Feenstra et al., 2015a). The IDB method was used
in the African regional comparisons in the 2005 benchmark year, but was discontinued in 2011.
Each method has its own advantages and drawbacks.
The GK and IDB methods are additive methods - while GEKS is not. In additive methods,
the real final demand (GDP) of each country can be expressed as the sum of the country’s
individual basic heading final expenditures in real terms, which is tremendously convenient
for users, because the components of final demand can be aggregated consistently across both
countries and commodity groups. However, GK and IDB methods are not consistent with
the economic approach to index number theory, whereas the GEKS method is consistent (see
(Diewert, 2013) for more details). The GEKS approach also has the property that each country
in the comparison is treated in a fully symmetric manner—that is, the method is a democratic
one as size of the country does not matter. This aspect of GEKS is both an advantage and a
disadvantage of the method since countries that are at very di erent stages of development and
that face very di erent relative prices are given the same weight. Readers who are interested
in detailed explanations of these characteristics can find a more detailed discussion of these
characteristics in Section 5.5 of ICP Book - “Measuring the Real Size of the World Economy”
(Diewert, 2013). Rao (2009) also proposes weighted GEKS method where weights are directly
proportional to the reliability of the comparison. Below is each of the methods in formal
descriptions.
The GEKS method
The GEKS (Gini-Éltetö-Köves-Szulc) method was originally proposed by Gini (1924, 1931),
and was independently rediscovered by Éltetö and Köves (1964) and Szulc (1964). Basically
GEKS computes the PPP between any two related countries as the geometric mean over all
direct and indirect comparisons between the two countries through a third country, calculated
using the Fisher index.
Let j = 1,2, ...,C be the number of countries; i= 1,2, ...M represents the number of compo-
nents.
PPP kj is the PPP of country k relative to country j and PPP k denotes PPP of country k
relative to the base country.
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Pi denotes the international price level of component i.
pij is the price parities (PPPs) of component i in country j with respect to a reference
country.
eij is the expenditure in local currency of component i in country j.
qij is the implicit quantity of component i in country j; qij = eijpij .
Let wij denotes the expenditure share of component i in country j:
wij =
eijqM
i=1 eij
(5.5)
We then compute the Laspeyres, Paasche and Fisher indices for country k relative to country
j (the base country):
Laspeyreskj =
Mÿ
i=1
pik
pij
wij (5.6)
Paaschekj =
1qM
i=1
pij
pik
wik
(5.7)
Fisherkj =
Ò
Laspeyreskj ◊Paaschekj (5.8)
The GEKS parity for the currency of country k with j as the base country is given by:
PPP kj (GEKS) =
CŸ
l=1
(Fisherlj◊Fisherkl )1/C (5.9)
Compared to GK and IDB methods, GEKS are simple to compute but does not produce
international prices for items.
The Geary Khamis (GK) method
The GK was proposed by Geary (1958) and Khamis (1969, 1970, 1972). It uses the twin inde-
pendent concepts of PPPs of currencies and average international prices of components (Rao
and Selvanathan, 1992). According to this method, the PPPs of each country and international
prices of components are simultaneously determined by this pair of equations:
Pi =
Cÿ
j=1
C
qijqC
k=1 qik
DC
pij
PPPj
D
(5.10)
PPP j =
qM
i=1 pijqijqM
i=1Piqij
(5.11)
for i= 1,2, ...,M and j = 1,2, ...,C.
The GK equations can be solved for PPP js and Pis after fixing one of the PPPs at 1, in
which, this country is the numeraire or the reference country.
The GK method was used to derive aggregate PPPs in earlier rounds of the ICP before 1993
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and is currently used in the construction of the Penn World Table (PWT). The major advantage
of the GK method is that it is a straightforward multilateral approach producing transitive
results. Moreover, PPP-based aggregates computed from the GK method are also additive,
which is a useful attribute for the analysis of structure of the economy. The disadvantage of
the method is the use of quantity weights from all countries in the computation of international
average prices, which gives larger weights to bigger countries that have a relatively high level
of expenditure more than those from lower-expenditure countries (World Bank, 2015a).
The Iklé-Dikhanov-Balk (IDB) method
The method got its name from its originators. It was first proposed by Iklé (Ikle, 1972), but was
made more easily accessible by Dikhanov (Dikhanov, 1994, 1997) and Balk (Balk, 1996). IDB
method is similar to GK method in using twin concepts of PPPs and international prices in
computation but instead of using arithmetic means like GK method, it makes use of harmonic
means; which produce additive PPPs while overcoming the problem of large countries having a
dominant influence on the determination of the international reference prices. Therefore, IDB
appears to be better than GK when more democratic reference prices are required. The IDB
equations are counterparts of the GK equations and the equations that underpin ICB are
Pi =
SUqMj=1wij(pij/PPPj)≠1qM
k=1wik
TV≠1 (5.12)
PPPj =
SU Nÿ
i=1
wij
5
pij
Pi
6≠1TV≠1 (5.13)
where, wij is the expenditure share weight of component i in country j.
Compared to the previous two methods, IDB method is not as popular and has only been
used in Africa region of the ICP exercise in 2005.
Aggregation with negative components
With positive prices and non-negative quantities as input data, the methods above produce
strictly theoretically correct average price indices and quantity indices. However, in the context
of aggregating C, G, I, X and M, imports enter negatively into the computation. The application
of the standard formulas when some headings have significant negative values can lead to
meaningless results. This is especially the case in the aggregation of PPPs from component
level to GDP level, where we encounter a problem of negative nominal quantities of net exports
when exports of a country is smaller than its imports. The problem can be illustrated using
two very simple examples, which are drawn from our real data used for aggregation.
The first example demonstrates how the GEKS methods might not work in aggregating
PPPs from Components to GDP level. The notation below refers to equations in the GEKS
method from subsection 5.2.2 with country k = Cote dIvoire and country j = Poland, and t=
1973:
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Table 5.1: GEKS Aggregation of PPPs when Net Exports are Negative: Example 1
C G I NX
pk 72.340 96.298 95.087 223.000
pj 0.0006 0.0003 0.0007 0.0034
pk/pj 132398.7 355015.7 138959.2 66567.2
wj 0.620 0.173 0.194 0.013
pk
pj
wj 0.0004 0.0002 0.0002 -0.001
pj/pk 7.55E-06 2.82E-06 7.20E-06 1.50E-05
wk 0.691 0.125 1.340 -1.156
pj
pk
wk 5.22E-06 3.52E-07 9.64E-06 -1.74E-05
Laspeyres 171328.360
Paasche -464766.269
Here, the Laspeyres index is a very large positive number, whereas the Paasche index is
a negative number. Therefore, the Fisher index, which is a square root of the product of the
Laspeyres and the Paasche index, is not well-defined. This might result in complex numbers
for PPPs from GEKS method.
Similarly, negative quantities can cause negative PPPs in GK formula, which can be seen
from the example below. The notations refers to equations 5.10 and 5.11 in subsection 5.2.2.
Table 5.2: GEKS Aggregation of PPPs when Net Exports are Negative: Example 2
pi,UK qi,UK pi,US qi,US Pi
C 0.48484 2.71618E+11 1 1.7882E+12 6.75E+15
G 0.28214 2.35445E+11 1 5.73252E+11 2.46E+15
I 0.66362 43201057834 1 5.16212E+11 1.59E+16
NX 0.43 14635381395 1 -25668000000 1.23E+18
PPPUK 1.11E-17
PPPUS -2.91E-16
PPPUKnormalized -3.80E-02
PPPUSnormalized 1.00
The normalized PPP for the United Kingdom in 1981 is negative, which is implausible.
Needless to say, special treatments for problem of negative components in PPP aggregation
are needed. This means implementation of these methods is possible only if all the quantities
are non-negative. The problem arising from the negative quantities has not been satisfactorily
responded.
For the GEKS method, a solution by S. Sergeev (Statistik Austria) was to use absolute
values for weights during the calculation of aggregated PPPs with the calculation of real values
and volume indices be done with actual sign. This proposal was first put forward to the Eurostat
and OECD: EUROSTAT Meeting of the Working Group on Purchasing Power Parities (LUX,
May 2001) (Sergeev, 2001). Twelve years later, in 2012, Michael Osterwald-Lenum (Statistics
Denmark) also suggested the use of absolute value for weights when they have di erent signs
(Osterwald-Lenum, 2012). It is clear that this treatment is ad hoc and lacks theoretical or
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statistical reasoning. However, currently there appears to be no better solution to the GEKS
problem than using positive weights.
With the GK, there have been two types of solution to the negative shares of Net export.
The first one, which were used by the PWT in version PWT7 backwards is to exclude net
export form the components and only aggregated PPPs for domestic absorption - DA (which
consists of only C, G and I) and called this the PPP for GDP level from expenditure side. Real
current GDP would be the sum of the real components plus net foreign balance converted at
the PPP of DA. The second solution, which has been applied from PWT8.0 onwards, is called
the augmented GK system, in which the equations for exports and imports are separated and so
seems to work practically even though in theory, the negativity problem still might exist. Please
see details of these methods in subsection 2.4.2. The two solutions are completely di erent since
they produces PPPs for di erent aggregates: the former for domestic absorption, leaving out
imports and exports (or GDP at expenditure side) and the latter for GDP on output side and
includes imports and exports as well (Feenstra et al., 2015a).
5.2.3 Constant price PPP computation
For the methods of PPPs constant price computations from current price PPPs and national
account data, please refer to subsection 2.4.2 and 2.4.3.
5.3 Proposed methodology
Having reviewed the literature with aggregation methods and problems, this section first de-
scribes how we will aggregate component PPPs into PPPs at GDP and domestic absorption
(DA) at current prices. Then, computations of GDP and DA PPPs at constant prices are pre-
sented. The estimation results from Chapter 4 do not only provide the point estimates; they
also o er the standard errors for each component. We therefore make use of these measures
of uncertainty and produce a weighted sum of the standard errors to be used as the measure
of uncertainty for the newly aggregated PPPs. An extension of the existing methods is that a
weighted average of the standard errors of the estimated component PPPs are computed to pro-
vide an indication of uncertainty for the aggregated PPPs of countries. The di erence between
PPPs at GDP level and Aggregated PPPs at GDP and DA levels obtained from alternative
methods are computed and evaluated.
5.3.1 Current-price aggregation
The augmented GK approach similar to that used in PWT8.0 will be used to aggregate com-
ponent PPPs into an alternative series of current PPPs for GDP since this is the best approach
that overcome the negativity problem.
Since GDP = C +G+ I +NX, to aggregate the component PPPs to make GDP PPPs,
the estimated PPPs for C, G, I will be used as prices for the corresponding component, while
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exchange rates (ER) will be used as the prices for NX. This use of ER is justified by the fact
that NX contains only tradable goods. This is also the current practice in the International
Comparison Program at the World Bank.
The computation below is applied to each time period, for simplicity we drop the time
subscript t.
A modified GK system from the one used by the PWT8.0 will be used to compute PPP of
GDP with exchange rates (ER) replacing the prices of imports and exports. Here, exports and
imports are treated as separate instead of net exports. Let P dai denote the international price
of component i (i= 1,2,3) for the three components C, G, I of domestic absorption; P x and Pm
denote the international prices of exports and imports respectively; qij denotes the quantity
of component i in country j; xj and mj denote export and import quantities for country j
respectively; PPPj denotes PPP of GDP for country j; ERj denotes the nominal exchange
rate of country j and there are M countries included in the aggregation (j = 1,2, . . . ,M).
P dai =
qM
j=1(pijqij/PPPj)qM
j=1 qij
(5.14)
P x =
qM
j=1(ERjxj/PPPj)qM
j=1xj
(5.15)
Pm =
qM
j=1(ERjmj/PPPj)qM
j=1mj
(5.16)
PPPj =
NominalGDPjq3
i=1P
da
i qij+P xxj≠Pmmj
(5.17)
For comparison between PPPs of GDP and Domestic Absorption, the standard formulas for
GK and GEKS in Subsection 5.2.2 and 5.2.2 will be applied to aggregate C, G and I PPPs into
Domestic Absorption PPPs for each of the 42 years. For each year, the number of components
is three and the number of countries is 180.
5.3.2 Constant-price PPPs computation
In Chapter 4, economic models on price levels were developed for each of the aggregated
GDP components of Private Consumption, Government Expenditure, Gross Capital Forma-
tion. These models are then integrated into the RRD econometric methods to estimate current
price PPPs relative to the US for each of the three components. The constant price PPPs for
each component are then also computed from the corresponding current price series using RRD
method, resulting in three series of constant PPPs for the GDP components, all in 2005 US
prices. An alternative input for the computation of constant price PPPs at GDP level is the
aggregated current price PPPs at GDP and DA level obtained in the previous subsection. We
consider two ways to compute constant-price PPPs at GDP level. The first is by carrying out
arithmetic and geometric sums of the constant price component PPPs and the second is by
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direct derivation from current price PPPs at GDP and DA level.
Using the first approach, the PPPs in constant prices for DA are computed from the constant
price PPPs for each component by means of the the arithmetic mean, geometric means of the
constant price PPPs of the three components C, G, and I. If we denote wijt as the weight
associated with component i and country j at time t then, for all j and t,
For arithmetic mean:
PPP constantDA,jt =
3ÿ
i=1
wijtPPP
constant
ijt (5.18)
For geometric mean:
PPP constantDA,jt =
3Ÿ
i=1
(PPP constantijt )witj (5.19)
For each j and t,
3ÿ
i=1
wijt = 1 (5.20)
wijt are expenditure share of component i, in country j at time t. Equation 5.19 is similar to
the geometric Young index. Another way is to apply GEKS aggregation to constant component
PPPs to form constant DA PPPs, similar to the method used to aggregate current component
PPPs to form current DA PPPs (please refer to Subsection 5.2.2).
Using the second approach, we apply the RRD procedure to compute constant prices PPPs
to the GDP and DA aggregated current price PPPs obtained using the method described in
Subsection 5.3.1. There are three current price PPP series: one at GDP level, aggregated using
augmented GK method and two at DA level aggregated using standard GK and GEKS method.
Let PPPUSjt denote the current price PPP of country i in time t with the US as the reference
country; Defjt denotes the GDP or DA deflator from national account data for country j at
time t. By similar derivations as in described subsection 4.6, PPPUS,2005jt - the constant price
PPP for country j at time t relative to the US and base year of 2005 can be computed from
the current price PPPs and domestic GDP/DA deflator as below:
PPPUS,2005jt =
Defjt
Defj,2005
◊PPPUSj2005 (5.21)
The deflator for the computation of constant price PPPs for GDP is available from national
account data. For the deflator of DA, we can take the weighted average of the components’
deflators using expenditure share as weights:
DefDAjt =
3ÿ
i=1
wijtDef
i
jt (5.22)
with wijt as the expenditure weight of component i, in country j at time t.
q3
i=1wijt = 1.
Details of the RRD method of constant price PPP computation are in Subsection 2.4.3.
To sum up, there will be five alternative series of constant price PPPs, four for DA (as
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weighted arithmetic and geometric sums; or derived from current price DA PPPs aggregated
from current price component PPPs using standard GK or GEKS) and one for GDP (computed
from aggregated current price PPPs for GDP using augmented GK method).
5.3.3 Weighted standard errors
Weights used in this section are expenditure shares of component i (C, G, I) in country j
(j = 1,2 . . .M), represented by wij Here the NX component is left out since the PPPs for NX
are ERs and there are no SEs associated with them. This means that, the aggregated standard
errors of GDP PPPs are actually aggregated standard errors of Domestic Absorption. If we
consider aggregated DA PPP as weighted PPPs of the components, for each period t and
assume that the components are not correlated, then:
PPPDAj =  3i=1wijPPPij (5.23)
The standard errors of aggregated DA would be:
V ar(PPPDAj) = V ar( 3i=1wijPPPij) (5.24)
Since the component PPPs are estimated separately, assume that they are independent.
This leads to:
V ar(PPPDAj) =  3i=1w2ijV ar(PPPij) (5.25)
SE(PPPDAj) =
Ò
 3i=1[wijSE(PPPij)]2 (5.26)
So, the weighted standard errors can be computed from the expenditure weights and stan-
dard errors of each component.
5.4 Empirical results
The empirical estimation was carried out on a data set comprising 180 countries for the 42-
year period from 1971 to 2012. The series include the current price PPPs for each of the
three components of GDP (C, G and I) and their associated standard errors; constant price
PPP series for each of the components, all of which were obtained from the modified RRD
econometric methods detailed in Chapter 4. Apart from those, are the expenditure weights
collected from national accounts of countries. In this section, we present the empirical results
obtained using the described methodology. The section will be presented in three subsections.
The first subsection shows the results of our aggregation of PPPs for GDP and DA at current
US prices. The second subsection compares the results of constant 2005 prices PPPs for GDP
and DA using the di erent methods and the last section presents the weighted standard errors
computation results.
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5.4.1 Current price PPPs
In terms of current price PPPs of domestic absorption, figures produced from standard and
augmented GK methods yield relatively close results. They are following the same trend and
tend to track the PPPs for GDP from RRD method, especially for developed countries.
Graph 5.1 and 5.2 plot the PPP in price level series for selected countries from both de-
veloped and developing countries over all the 42 years. The red and green lines are the PPPs
in price level (PPP/ER) aggregated using standard GK and GEKS method respectively for
domestic absorption. The blue line is PPPs for GDP aggregated using the augmented GK
approach and the black and the dashed lines are the PPPs at GDP and DA level produced
by the original RRD method and the PWT version 8.0 and 8.1. The green circles depict the
benchmark PPPs from the ICP.
Firstly, we observe that for developed countries (represented by Canada and The Nether-
lands), all the lines are relatively close to each other compared to graphs of developing countries
(represented by Jordan and China). The newly aggregated series track the benchmark ICP
PPPs very well and are slightly lower in values in the earlier periods compared to the PWT
series. One possible reason is that data for developed countries are more reliable with more
participation in benchmark ICP (reflected in lower standard errors in PPP estimates compared
to developing countries - Subsection 4.5.1). The other reasons might be that the gap between
PPPs and exchange rates are smaller in rich than in poor countries, resulting in smaller dif-
ferences between series that use exchange rates in aggregation (Pl-GDP-GK) and those that
only use PPPs (Pl-DA-GK, Pl-DA-GEKS). In general the PWT series, one at GDP level in
version 8.0 and one at DA level in version 8.1 are nearly the same for most countries. Both of
them diverge slightly from the rest of the lines since they were not computed using econometric
methods.
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Figure 5.1: Price Levels for Canada and The Netherlands
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Figure 5.2: Price Levels for Jordan and China
The second set of graphs (figures 5.1 and 5.2) also show another important point in the
results, which is more easily seen in graphs where the three lines departs from one another but
is the case for most countries: the PPPs for DA are closer to UQICD PPPs for GDP level than
the PPPs for GDP level aggregated using the augmented GK formula. This results comes from
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the fact that the PPP input from ICP used in the UQICD were computed from imports and
exports prices from national account data, which are similar to the consumption, government
and investment PPP input for the aggregation of PPP for DA; while exchange rates have been
used for both imports and exports price level in the GK aggregation of component PPPs to
PPPs at GDP level. The graphs for Australia can be used as an example of this result:
Figure 5.3: Price Levels for GDP and DA - Australia
From 2010 to 2012, the Australian exchange rates to the US dollars significant increased
compared to the earlier periods. This increase has resulted in the PPPs for GDP using aug-
mented GK with exchange rates as price level for exports and imports to rise above those
computed from the other two methods, which do not include the market exchange rates in the
calculation.
The ICP has used exchange rates to convert imports and exports, and still they a rm that it
is best to use PPP estimated separately for them (World Bank, 2015a). Therefore, we suggest
that the blue series should be used with care, and in general PPPs for DA should be more
reliable than PPPs for GDP computed from the augmented GK formula. Using augmented
GK is better than using GEKS with very large values for the negative component.
A table of country by country for results for the PPPs in GDP level using augmented GK
method against UQICD and PWT8.0 results are included in the appendix at the end of the
chapter as a reference for the discussion of the empirical findings for the aggregation of current
price PPPs. Three years of results for all the countries at the beginning, middle and end of the
time period under investigation. The years are chosen to be 1973, 1993 and 2011, so that we
also have benchmark PPP data from ICP and OECD-Eurostat. The countries whose data is
CHAPTER 5. AGGREGATION OF COMPONENT PPPS 108
missing in any of the series are excluded.
5.4.2 Constant price PPPs
From the GK aggregated current price PPPs for GDP and DA and constant price PPPs for
C, G and I obtained from Chapter 4, five alternative series of constant price PPPs for GDP
and DA are produced. The following graphs (figures 5.4, 5.5) depict the series together with
the UQICD and PWT8.0 constant price GDP PPPs in price levels (PPP/ER). The blue lines
are the constant PPPs in price levels for GK aggregated GDP, which use exchange rate as
the conversion factor for exports and imports. The colored lines are our aggregated series,
including constant price PPPs in price levels for GK aggregated DA in red, the green lines and
cyan lines are arithmetic and geometric weighted mean of C, G and I constant price PPPs,
the magenta lines are GEKS aggregation of components constant PPP series. The black solid
lines are UQICD PPPs for GDP in constant prices, while the black dashed lines are those from
PWT8.0.
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Figure 5.4: Price Levels for Canada and The Netherlands
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Figure 5.5: Price Levels for Jordan and China
From the graphs of the developed countries (represented by Canada and The Netherlands),
we can see that all the lines follow the same trend and do not show much di erence in terms
of magnitude. Similar to the case of current price PPPs, the PWT series diverge from the
rest due to the di erence in computational methodology. For both developed and developing
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countries (represented by Jordan and China), the aggregated DA lines are very close to each
other, implying that the constant price PPPs for DA either computed by weighted sum of the
component constant price PPPs or by derivation from GK aggregation of the current price
component PPPs do not greatly a ect the results. In general, we also observe the same pattern
as in the case of current price PPPs: the aggregated DA series are closer to the UQICD GDP
series than the aggregated GDP series using augmented GK method. Among the six series, the
GEKS aggregated lines are the ones that di er significantly from the other series.
5.4.3 Standard errors
Given the SEs obtained from the estimations for the three components of GDP (C, I and
G); each series covering 180 countries and 43 years (1971 to 2012), a weighted average of the
component SEs was carried out. In this subsection, the empirical results of the computation
are presented.
Below are the graphs of SEs in price level (SEs/ERs) for selected countries. The red lines
are the mean weighted of component SEs (Weighted-SE); the black lines are the SEs for current
price PPPs estimated from the RRD method (UQICD-SE) and the blue line are SEs from the
estimation of PPP at GDP level using Regional and Income Covariance structure - or the
modified RRD method (GDPreginc-SE). Please refer to subsection 3.3 for details about this
method.
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Figure 5.6: Standard Errors for Canada and The Netherlands
Figures 5.6 shows graphs of SEs in price level for two developed countries: Canada and The
Netherlands. These two countries represent a common result for the developed countries with
respect to two features. Firstly, all the three series (Weighted-SE, UQICD-SE and GDPregin-
SE) follow the same trend across the years with lower values at benchmark years and lower
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values towards the end of the estimation period when more ICP data are available. Secondly, in
terms of magnitude, the new covariances used in the modified RRD method consistently reduce
the SEs in price level, resulting in the Weighted-SE line as the lowest among the three. There is
an exception for the year 2008, when benchmark observations (from Eurostat-OECD) are only
available for GDP and not the components. This makes the SEs smaller for non-aggregated
GDP PPPs than the ones from weighted average of the component PPP SEs. In other words,
this explains why the red lines are higher than the other two in 2008.
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Figure 5.7: Standard Errors for Jordan and China
Jordan and China are chosen to represent developing countries (Figure 5.7). As expected,
compared to the developed countries, developing countries exhibit larger SEs in price levels
and and there is divergence between the series Weighted-SE, UQICD-SE and GDPregin-SE.
Again, this reflects the possible lower data availability and quality of poorer countries in the
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comparison. Here we can see more clearly the advantage of using the modified RRD over the
standard RRD method in reducing the SEs, and the e ect of squared weights in computing
weighted average SEs from components SEs.
5.5 Conclusion
This chapter has reported PPPs at GDP and DA aggregated from the component PPPs that
were obtained from methods described in Chapter 4. The results are comparable to the ones
obtained from UQICD where PPP extrapolation is undertaken at the GDP level. The special
feature to note is that the estimates are generally closer between the UQICD GDP PPPs and
the aggregated domestic absorption PPPs than between the former and the series aggregated
for PPPs at GDP level. This is a warning that we should be careful when using the ER as
the PPPs for both imports and exports for the aggregation since theoretically, they are not
the same. In general, PPP for DA might be more reliable. Constant price PPPs at GDP and
DA level also highlight the disadvantage of market exchange rates in the GK aggregation. The
weighted component SEs are systematically smaller than the SEs obtained for PPP at GDP
level using RRD method.
Taking into consideration the issue of negative net exports, the augmented GK o ers a
theoretically sound procedure compared to GEKS where the ad hoc approach of using absolute
value of weights is the current practice. The conclusions would be that GEKS is a choice to
aggregate at DA level.
5.6 Appendix
Table 5.3: Aggregated PPPs in current price for selected countries in 1973
Country GK_GDP GK_DA ICP_GDP PWT8.0_GDP UQICD_GDP
United States 1.000 1.000 1.000 1.000 1.000
United Kingdom 0.344 0.344 0.341 0.347 0.337
Belgium 0.968 0.968 0.957 1.020 0.951
France 0.673 0.673 0.689 0.721 0.669
Germany 1.574 1.574 1.580 1.648 1.547
Italy 0.256 0.256 0.261 0.272 0.255
Netherlands 1.327 1.327 1.320 1.365 1.307
Japan 254.235 254.235 257.000 277.103 257.192
Colombia 9.281 9.281 9.480 10.791 9.427
India 2.730 2.730 2.530 3.229 2.974
Korea, Rep. 147.466 147.466 161.000 195.055 160.267
Malaysia 1.270 1.270 1.310 1.463 1.298
Philippines 2.180 2.180 2.320 3.007 2.357
Kenya 3.283 3.283 3.410 4.369 3.266
Hungary 13.188 13.188 14.300 30.839 14.457
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Table 5.4: Aggregated PPPs in current price for selected countries in 1993
Country GK_GDP GK_DA ICP_GDP PWT8.0_GDP UQICD_GDP
United States 1.000 1.000 1.000 1.000 1.000
United Kingdom 0.620 0.620 0.637 0.695 0.637
Austria 0.993 0.993 1.010 1.041 1.011
Belgium 0.914 0.914 0.925 1.009 0.935
Denmark 8.642 8.642 8.790 9.602 8.777
France 1.002 1.002 1.000 1.117 1.003
Germany 1.068 1.068 1.070 1.114 1.075
Italy 0.781 0.781 0.792 0.815 0.788
Luxembourg 0.998 0.998 0.982 5.739 0.983
Netherlands 0.951 0.951 0.967 1.024 0.963
Norway 8.754 8.754 8.930 10.158 8.964
Sweden 9.726 9.726 9.830 10.614 9.792
Switzerland 2.087 2.087 2.130 2.147 2.145
Canada 1.267 1.267 1.260 1.248 1.254
Japan 179.222 179.222 184.000 188.506 183.461
Finland 0.984 0.984 1.020 1.144 1.022
Greece 0.518 0.518 0.540 0.571 0.543
Iceland 80.371 80.371 82.900 78.846 82.391
Ireland 0.798 0.798 0.832 0.896 0.839
Portugal 0.539 0.539 0.584 0.693 0.587
Spain 0.686 0.686 0.703 0.759 0.705
Turkey 0.006 0.006 0.006 0.000 0.006
Australia 1.322 1.322 1.350 1.338 1.344
New Zealand 1.446 1.446 1.510 1.549 1.513
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Table 5.5: Aggregated PPPs in current price for selected countries in 2011
Country GK_GDP GK_DA ICP_GDP PWT8.0_GDP UQICD_GDP
Zimbabwe 0.499 0.499 0.504 0.141 0.505
Kuwait 0.182 0.182 0.172 0.225 0.181
Oman 0.188 0.188 0.192 0.286 0.200
Bahrain 0.208 0.208 0.211 0.323 0.217
Liberia 0.530 0.530 0.517 0.518 0.538
Malta 0.561 0.561 0.558 0.569 0.566
Jordan 0.302 0.302 0.293 0.571 0.308
Panama 0.570 0.570 0.547 0.632 0.553
Portugal 0.641 0.641 0.628 0.643 0.633
Brazil 1.532 1.532 1.470 0.669 1.495
United
Kingdom
0.712 0.712 0.698 0.671 0.698
Cyprus 0.672 0.672 0.673 0.697 0.681
Bulgaria 0.671 0.671 0.660 0.703 0.678
Greece 0.709 0.709 0.693 0.713 0.699
Spain 0.715 0.715 0.705 0.717 0.708
Italy 0.780 0.780 0.768 0.801 0.775
Germany 0.805 0.805 0.779 0.816 0.786
Tunisia 0.597 0.597 0.592 0.833 0.602
Ghana 0.706 0.706 0.699 0.840 0.733
Netherlands 0.860 0.860 0.832 0.849 0.836
Austria 0.840 0.840 0.830 0.859 0.838
Ireland 0.852 0.852 0.827 0.860 0.837
Belgium 0.847 0.847 0.839 0.871 0.849
France 0.864 0.864 0.845 0.873 0.853
Finland 0.919 0.919 0.907 0.934 0.915
United States 1.000 1.000 1.000 1.000 1.000
Turkey 1.039 1.039 0.987 1.029 0.997
Singapore 0.945 0.945 0.891 1.099 0.907
Belize 1.181 1.181 1.150 1.117 1.159
Canada 1.255 1.255 1.240 1.268 1.248
Barbados 1.948 1.948 2.020 1.346 1.985
Fiji 1.075 1.075 1.040 1.509 1.080
Australia 1.552 1.552 1.510 1.518 1.528
Dominica 1.937 1.937 1.860 1.546 1.864
New Zealand 1.529 1.529 1.490 1.562 1.506
Peru 1.573 1.573 1.520 1.695 1.538
Romania 1.683 1.683 1.610 1.783 1.659
St. Vincent and
the Grenadines
1.793 1.793 1.690 1.861 1.698
St. Lucia 1.872 1.872 1.840 1.867 1.860
Poland 1.868 1.868 1.820 1.925 1.849
Malaysia 1.502 1.502 1.460 2.036 1.493
Bermuda 1.521 1.521 1.560 2.093 1.586
Grenada 1.886 1.886 1.780 2.229 1.799
Antigua and
Barbuda
1.707 1.707 1.730 2.338 1.763
Qatar 2.093 2.093 2.420 2.480 2.505
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Table 5.6: Aggregated PPPs in current price for selected countries in 2011 (cont.)
Country GK_GDP GK_DA ICP_GDP PWT8.0_GDP UQICD_GDP
Argentina 2.348 2.348 2.700 2.780 2.719
Saudi Arabia 1.757 1.757 1.840 2.816 1.908
El Salvador 0.524 0.524 0.503 2.930 0.510
Ecuador 0.543 0.543 0.526 3.061 0.531
Bolivia 3.097 3.097 2.950 3.505 3.026
Suriname 1.840 1.840 1.830 3.817 1.867
China 3.597 3.597 3.510 3.968 3.460
Vanuatu 84.156 84.156 101.000 3.980 97.779
Israel 4.009 4.009 3.940 4.098 3.976
Botswana 3.697 3.697 3.760 4.476 3.772
Tonga 1.297 1.297 1.500 4.573 1.525
Lesotho 3.828 3.828 3.920 4.829 3.894
Swaziland 3.912 3.912 3.900 5.147 3.963
Guatemala 3.784 3.784 3.630 5.158 3.681
South Africa 4.869 4.869 4.770 6.203 4.841
Morocco 3.702 3.702 3.680 6.224 3.759
Luxembourg 0.910 0.910 0.906 6.816 0.921
Namibia 4.558 4.558 4.660 6.891 4.750
Denmark 7.951 7.951 7.690 8.056 7.796
Maldives 8.059 8.059 8.530 8.270 8.661
Mexico 8.019 8.019 7.670 8.782 7.738
Sweden 9.114 9.114 8.820 9.188 8.865
Norway 9.503 9.503 8.970 9.474 9.041
Honduras 10.199 10.199 9.910 12.911 9.765
Gambia, The 10.655 10.655 9.940 14.687 10.149
Mozambique 15.929 15.929 16.000 16.889 16.216
Thailand 12.802 12.802 12.400 17.139 12.744
India 15.874 15.874 15.100 17.837 15.474
Syrian Arab
Republic
17.482 17.482 21.300 18.543 22.090
Uruguay 16.356 16.356 15.300 18.855 15.565
Dominican
Republic
20.093 20.093 19.400 21.408 19.626
Bhutan 17.888 17.888 16.900 21.446 17.128
Mauritius 15.929 15.929 15.900 23.115 16.105
Macao SAR,
China
5.113 5.113 4.590 23.557 4.718
Philippines 18.406 18.406 17.900 25.932 18.236
Bangladesh 24.372 24.372 23.100 30.147 24.171
Switzerland 1.503 1.503 1.440 33.363 1.457
Nepal 26.554 26.554 24.600 34.077 25.903
Pakistan 25.321 25.321 24.300 36.727 25.836
Kenya 35.798 35.798 34.300 49.783 35.130
Albania 50.909 50.909 45.500 49.931 46.217
Sri Lanka 39.788 39.788 38.700 59.248 40.202
Cape Verde 47.699 47.699 48.600 66.427 49.284
Malawi 77.354 77.354 76.300 68.442 78.443
Jamaica 57.324 57.324 54.100 80.595 55.034
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Table 5.7: Aggregated PPPs in current price for selected countries in 2011 (cont.)
Country GK_GDP GK_DA ICP_GDP PWT8.0_GDP UQICD_GDP
Nigeria 73.753 73.753 74.400 88.297 75.541
Djibouti 93.152 93.152 94.000 94.788 93.797
Angola 62.289 62.289 68.300 105.771 69.266
Japan 109.669 109.669 107.000 108.969 107.810
Mauritania 117.970 117.970 116.000 122.211 118.641
Hungary 122.991 122.991 124.000 132.746 125.916
Iceland 136.984 136.984 134.000 141.411 134.409
Chad 262.435 262.435 250.000 206.173 245.940
Burkina Faso 217.194 217.194 214.000 238.807 213.165
Rwanda 265.559 265.559 261.000 259.505 262.368
Togo 221.396 221.396 215.000 265.253 218.017
Guinea-Bissau 214.973 214.973 220.000 271.695 221.623
Benin 218.310 218.310 214.000 273.975 213.873
Comoros 204.502 204.502 208.000 275.593 201.153
Cameroon 238.579 238.579 227.000 297.567 234.825
Mali 212.701 212.701 210.000 300.304 215.666
Niger 227.250 227.250 221.000 320.173 214.231
Central African
Republic
257.325 257.325 256.000 329.791 262.106
Senegal 236.878 236.878 236.000 337.871 235.358
Cote d’Ivoire 230.645 230.645 228.000 362.988 235.533
Costa Rica 355.105 355.105 347.000 384.009 350.663
Chile 360.469 360.469 348.000 408.607 354.549
Gabon 324.088 324.088 318.000 537.780 324.122
Congo, Rep. 324.405 324.405 289.000 558.431 298.408
Tanzania 560.598 560.598 522.000 584.401 534.475
Burundi 445.221 445.221 426.000 622.460 449.089
Mongolia 565.185 565.185 537.000 668.600 564.731
Congo, Dem.
Rep.
521.102 521.102 522.000 669.417 539.848
Korea, Rep. 869.808 869.808 855.000 837.988 855.721
Lebanon 701.972 701.972 839.000 949.268 855.521
Equatorial
Guinea
286.332 286.332 295.000 1042.457 301.363
Uganda 909.928 909.928 834.000 1056.563 846.821
Madagascar 733.088 733.088 674.000 1098.049 685.064
Iraq 496.410 496.410 517.000 1200.098 544.472
Cambodia 1409.031 1409.031 1350.000 1383.887 1371.062
Colombia 1192.840 1192.840 1160.000 1395.019 1181.059
Sierra Leone 1730.391 1730.391 1550.000 2142.178 1653.348
Paraguay 2348.322 2348.322 2230.000 2981.180 2279.611
Zambia 2.421 2.421 2.380 3020.224 2.475
Guinea 2673.952 2673.952 2520.000 3387.618 2709.088
Lao PDR 2532.050 2532.050 2470.000 3605.530 2541.495
Indonesia 3795.754 3795.754 3610.000 5637.585 3821.177
Vietnam 7199.094 7199.094 6710.000 7498.939 7025.145
Sao Tome and
Principe
8608.046 8608.046 8530.000 12802.448 8727.840
Chapter 6
Conclusion
In this PhD thesis, I have contributed to the literature on the estimation of PPPs in three
respects. The first contribution is on modifying the covariance structure of the state space
model underlying the Rao, Rambaldi and Doran (RRD) method, and conducting empirical tests
of the robustness of the PPPs estimates to alternative assumptions. The second contribution is
on the development of economic models for the estimation of PPPs for the components of GDP
(private consumption (C), government expenditures (G) and gross capital formation (I)). These
have been implemented for 180 countries over the period 1971 to 2012 and are now available to
researchers around the world through the University of Queensland International Comparison
Database (UQICD - Rao et al. (2015)). The final contribution is on methods of aggregation of
PPPs for GDP component to GDP and domestic absorption levels in both current and constant
prices.
It is acknowledged that the results and findings of this Thesis are based on the availability
and quality of data used. As mentioned earlier, many developing countries including China are
believed to have weak quality data so care should be taken when interpreting the results for
these countries and using them in further research.
We have found that the estimates are relatively consistent across various specifications of
the covariance matrices; however, standard errors (SE) can vary in size depending on the speci-
fication. In the original RRD method the covariance matrices are set to be fully heteroscedastic
with the variance of the measurement errors associated with data produced from the Interna-
tional Comparison Program (ICP) and the national accounts (NA) of each country assumed to
be inversely proportional to each country’s level of development. Using a group heteroscedastic
specifications that follow the ICP groupings by regions for the two largest ICP survey years,
2005 and 2011 (truly global ICP surveys), and an income-group heteroscedasticity specification
for the measurement error of the NA data, the mean SE of the estimates of the price level
ratio (PPP to market exchange rate) can be reduced by a third for PPPs at GDP level and
two thirds for PPPs of Gross Capital Formation (I). These findings seem to suggest that the
regional di erences in ICP price surveys and PPP computations do play a role in explaining the
variation of the measurement errors in PPP computation of the ICP; and the inverse level of
development of each country based on its own income per capita does not explain the variation
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in measurement errors of the National Account’s data as well as the mean income per capita of
the income group (as classified by the World Bank) where each country belongs to. Specifying
the measurement error variance as common within each income group seems to fit the data well.
This modified specification of the RRD model are referred to as “modified RRD estimates”.
Using the economic models developed based on the macroeconomics literature on price levels
for each of the component of GDP and the modified RRD approach to computing the PPPs,
we find some common features across the three components. Our estimates follow the same
trend, however, track benchmark PPPs more closely than those from PWT7.1 and PWT8.1.
Among the three components, the consumption PPPs are the closest to PPPs at GDP level
as it is expected from theory. The standard errors are smaller than those obtained using the
original RRD specification in the case of developing countries and around each benchmark
year. In general standard errors around the recent benchmark years’s ICP are smaller than
those in earlier periods where benchmark data are available for fewer number of countries.
These findings highlight the importance of data availability and quality, which we are able to
associate to our estimates in the form of standard errors using the RRD method.
Our aggregated series of GDP and DA PPPs are closer to the UQICD series than those from
the PWT. The reason is clearly because of the di erence in the method used for computation.
The PWT use a non-econometric extrapolation method while all other alternatives studied
in the thesis involve treating the true PPP as an unobserved variable, and use of the RRD
econometric methods (original or modified) for the estimation of the components PPPs which
are aggregated to GDP and DA levels. Using the standard and augmented GK method we have
found that estimates are generally closer between the UQICD GDP PPPs and the aggregated
domestic absorption PPPs than between the former and the series aggregated for PPPs at GDP
level. For the constant price PPPs at GDP and DA levels we also find a similar result. This
suggests PPPs for DA might be more reliable and care should be taken when using the market
exchange rate as the PPPs for imports and exports for the aggregation since theoretically they
are not the same. The weighted component SEs are found to be systematically smaller for
developed than developing countries, which is in accordance with a priori expectations.
Note that the results and findings of this Thesis are based on the availability and quality
of data used. As mentioned earlier, many developing countries including China are believed to
have weak quality data so care should be taken when interpreting the results for these countries
and using them in further research.
The research carried out and results obtained give rise to di erent directions for further
research in the PPP extrapolation area. One direction worth following is in further improvement
of standard errors computation in the RRD method.
It is undeniable that the state space model being used in the RRD method is very popular
in the literature for describing the dynamic evolution of macroeconomic and financial time
series since they allow the implementation of the Kalman filter and smoothing algorithms
which deliver best linear unbiased estimates when the linear state space models have known
hyperparameters. The filters and smoothers also deliver measures of uncertainty associated with
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the estimates, which are the prediction mean squared errors (PMSE). However, in the current
RRD method of PPP extrapolation, the hyperparameters are not known. They are estimates
themselves, but are treated as given in the formula for PPP standard errors. As a result, the
true PMSEs are and the uncertainties associated with the estimates of the underlying states
are underestimated. The research question then becomes: how to incorporate the measure of
uncertainly of the hyperparameters in the standard errors of the states in the RRD method.
If this problem can be solved, the new RRD method will produce even better estimates of the
PPP standard errors, which are very useful for PPP users.
Another direction worth pursuing is in finding a better method to estimate the RRD model
when the sizes of the state vectors change over time. When the number of observations for
all the countries are equal, the RRD method produces estimates with time-space consistency
and reference-country invariance properties (see Section 2.4.3). In the current data sets for
180 countries, for 158 countries data are available from 1970 to 2012. However for the 22
newly formed countries, only data from 1990 is available. The reason is simple, these countries
just didn’t exist before 1990. Now, the question is, how do we estimate PPPs with this data
constraint and still be able to retain the time-space consistency and reference-country invariance
properties. The current solution is to do the estimation in two stages. In stage 1, the RRD
method is implemented for 158 countries that have full data coverage. Given the parameters
estimated in stage 1, in stage 2, step 4 of the RRD estimation algorithm is run with all the
180 countries for the period 1990 to 2012 (please refer to Section 4.4). With this technique,
the results for 158 countries with full data coverage preserve the time-space consistency and
reference-country invariance properties, while the results for the 22 newly formed countries do
not. As a result, new method is needed for the estimation or PPPs in the case when data is
imbalanced so that the the time-space consistency and reference-country invariance properties
are maintained for all the countries under consideration.
The third direction of further research can be modelling and estimating of PPPs for the
main components of each of the Consumption, Government and Investment component. In
Consumption, there are three main categories of goods and services: durable goods, non-
durable goods and services. Government expenditure consists of government consumption of
final goods and services and gross government investment. These are mainly salary payments
to government employees and purchases of tradable goods like machinery and equipment or
military weapons. With investment, two main categories of investment are equipment purchase
and construction service. It would be useful for international comparison of real values of each
of those categories if there are PPPs for each of those sub-components.
In conclusion, the PPP extrapolation literature is a very challenging and interesting area of
research. Contributions to the literature do not only enrich the PPP methodologies, but also
improve the quality and availability of PPP data for users. Up to now there has been great
progress and achievements in the literature of PPP extrapolation. Hence, there is certainly
plenty of scope for improvement ahead.
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